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“There can never be any real opposition between religion and science;
for the one is the complement of the other.

FEvery serious and reflective person realizes, I think,

that the religious element in his nature must be recognized

and cultivated if all the powers of the human soul are

to act together in perfect balance and harmony. And indeed it was
not by accident that the greatest thinkers of all ages

were deeply religious souls.”

Max Planck (1858-1947)



Abstract i

Abstract

The majority of the human population and socio-economic resources in South Amer-
ica are located in La Plata Basin. During austral summer, large mesoscale convective
systems (MCSs) are associated with strong low level jets (LLJs) that develop east
of the Andes mountain range. Over the basin, the mature phase of MCS brings ex-
cessive amounts of rainfall that cause severe weather events such as thunderstorms,
hail, and flooding. Due to its dire consequences, it is crucial to understand the re-
lationship between LLJs and MCSs. The study aims to assess the long term role of
the MCSs and LLJs in South America by characterizing their spatial and temporal

characteristics and quantifying the correlation between these two systems.

The state-of-the-art tool used for analyzing the processes of LLJs and MCSs is
the three-dimensional, hydrostatic, regional climate model REMO. The model’s
horizontal grid resolution in the rotated coordinated system is 0.44° (about 50 km)
and the domain covers the entire continent with 31 vertical levels. The default
model version is REMO2009, which has been modified due to the overestimation
of the surface temperature over the Amazon basin during austral spring. Short
sensitivity tests are performed using REMO2009 with varying values and coverage of
the permanent wilting point parameter, which influences the water holding capacity
of the vegetation in the selected region. The setup in which the permanent wilting
point parameter is set to 10% in the forested regions exhibits the most realistic
decrease of surface temperature (~3 K) in terms of affected regions. This modified
REMO is able to simulate the climatic features of South America, thus it is used as

a reasonable tool for the analysis.

Using observational datasets from stations, reanalyses, and satellite estimates with
varying horizontal resolution, and the high resolution REMO simulation data, the
spatial and temporal characteristics of LLJs and MCSs are investigated. During
austral summer, the LLJs modulate the climate by transporting warm and moist
air from the Amazon to the La Plata Basin. At the exit region of the LLJs, the
MCSs initiate and develop, which bring heavy precipitation events. Regions with
high frequency of LLJ and MCS occurrences are identified and the mean contribu-
tion of LLJs and heavy precipitation events associated with MCSs are from 30-50%
and about 30%, respectively, relative to the summer mean. Evaluating the lead-lag
correlation between the meridional wind speed and area-averaged precipitation over

the La Plata Basin for several summer periods (e.g. summers with normal years,
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ENSO warm, and cold phase years), a significant but weak negative correlation is
calculated in both observations and simulation data two days before the anomalous
rainfall. The negative correlation (~—0.6, p=0.01) located near Bolivia strengthens
the day before (Day 1) while a positive correlation (~0.7, p=0.01) appears in cen-
tral Argentina. These correlation values indicate a convergence of warm, moist air
from the north and the cold, dry air from the southeast, which produce the heavy
precipitation events the following day (Day 0). The significantly high correlation
of anomalous meridional wind speeds the day before heavy precipitation events are

good precursors for monitoring the severe weather events over the La Plata Basin.
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1 Introduction

1.1 Climate in South America

The prominent topographic features in South America are the Amazon Basin and
the Andes mountain range. Containing the dense rainforest and the world’s largest
river, the Amazon Basin provides a major source of water resources. The long (about
7,000 km extending from the northern tip to the southern tip of the continent) and
narrow (with maximum heights reaching up to 6000 m) Andes Mountains act as a
natural barrier for low level circulation patterns and aid in the poleward advection
of moisture (Hobbs et al., |1998; |Garreaud et al., 2009). These two topographic
features make the continent immensely rich in biodiversity and the climate to vary

from tropical, subtropical, and to polar climates near Antarctica.

Apart from the physical continental features, the climate of South America is also
modulated by dominant atmospheric circulations over the continent. Figure [1.1
shows the location of two semi-permanent anti-cyclonic structures over the Atlantic
and Pacific Ocean. Over the central part of the continent, the Bolivian High is
present during austral summer due to deep convective activities. The low-level flow
below the Bolivian High is responsible for the advection of moisture and heat from
the Amazon Basin to the La Plata Basin, the second largest river basin (in terms
of area) in the continent and the fifth! in the world. The trade winds also bring
moisture from the Atlantic Ocean. Due to the diminishing land mass further south
in the continent, the magnitude of the winds reaches up to 40 m/s, hence, they are

often called as the “Roaring 40s” in the Southern Ocean.

Other large-scale circulations relevant in Figure are the Intertropical Conver-
gence Zone (ITCZ) and the South Atlantic Convergence Zone (SACZ), which are
responsible for the region’s rainy season (Vera et al., 2006bj Carvalho et al., 2004).
The ITCZ is migratory and tends to be displaced northwards during the cold season
(June to August) in the southern hemisphere. During the austral winter, the SACZ

is responsible for the wintertime precipitation over the subtropical region. The cli-

IThe five largest river basins in the world (according to area) are the: Amazon, Congo, Nile,
Mississippi and La Plata. Source: Collins World Atlas, 2011.
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mate variability of the region is also susceptible to the El Nino Southern Oscillations
or ENSO, which brings severe floodings (droughts) during the warm (cold) phase
(Grimm and Tedeschi, 2009)).
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Figure 1.1: Schematic diagram of significant upper- and low-level atmospheric circulation
features over the South American continent. The Bolivian High, which is the anticylconic
upper-air circulation over Bolivia, 6 is depicted aloft the low level jet path (bold red arrow).
The Amazon and La Plata Basins are delineated in green and brown lines, respectively.
After Satyamurty et al.| (1998)).

The majority of the human population in South America resides in the La Plata
Basin. The principal cities of the continent including Asuncién, Brasilia, Sdo Paulo,
Buenos Aires, and Montevideo are located within the vicinity of the basin. The

economic resources of this basin are mainly agriculture and hydroelectric power

production (Barros et al., 2006), which are largely dependent on the available water

resources. Because of the basin’s socio-economic significance, studies have consid-
ered La Plata as a system highly sensitive to climate variability and change e.g.
Berbery et al.| (2011)).

The precipitation regimes over the La Plata basin are categorized into two parts
depending on the location. The northern sector is influenced by the SACZ (Fig-
ure [1.1)) while the southern sector has generally uniform precipitation but is fre-
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quently affected by frontal systems (Cavalcanti, [2012)). During austral summer,
large mesoscale convective systems develop over the La Plata Basin and bring ex-
cessive amounts of rainfall that cause severe weather events suchs as flooding. These
systems are associated with the low level flow that develops east of the Andes moun-

tain range.

1.2 Mesoscale convective systems and low level

jets

Understanding the relationship of mesoscale convective systems (MCSs) and low
level jets (LLJs) is of great interest in South America. LLJs transport heat and
moisture from the Amazon Basin down to the La Plata Basin (Marengo et al.
2004). At the exit region of LLJs, convective systems become more organized and
form MCSs. MCSs are the main contributors of summertime precipitation and they
also produce severe weather events such as lightning, flooding, hail, and storms
(Houze, 2004)).

Figure illustrates the interaction between LLJs and MCSs over South America.
Low-level winds passing through the Amazons are deflected by the orographic bar-
rier. The low-level flow advects warm and moist air, which favor the organization
of convection into MCSs. The occurrence of LLJs coupled with the downstream
of a weak midlevel trough produce these severe convective weather events such as
strong winds, hail, tornadoes, lightning, and flooding (Velasco and Fritsch, |1987;
Zipser et al., [2004; Salio et al. 2007). Because of the long-lasting and contiguous
regions of precipitation, MCSs are responsible for a large proportion of rainfall in
tropical and warmer mid-latitudes. Furthermore, the organization and structure of
these systems are quite complex but they generally involve two major processes that
produce precipitation, the convective and stratiform one. These variabilities in the
MCSs structures coupled with the extent and longevity of the systems lead to the
variation of the upper level flow response to the MCSs. Thus, it is important to
further understand and evaluate MCSs as the link between atmospheric convection

and the large-scale atmospheric circulation.

Due to the significant occurrences of LLLJs and MCSs and their possible devastating

consequences in South America, two international research initiatives were under-
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taken: the South American LLJ Experiment (SALLJEX)? and the CLARIS-LPB?, A
Europe-South America Network for Climate Change Assessment and Impact Studies
in the La Plata Basin. The goals of the two projects are mentioned in the following

sub-sections.

Figure 1.2: Schematic diagram of the role of the low-level jet (LLJ) in transporting mois-
ture from the Amazons down to the La Plata Basin and in the development of mesoscale
convective systems (MCSs). The LLJ is depicted as a ribbon-like flow of air with a wind
maximum frequently detected at the pressure level of 850 hPa. The Amazon and La Plata
Basins are delineated in green and brown lines, respectively. After Vera et al. (2006al).

1.2.1 SALLJEX (2002-2003)

The role of LLJs in the region’s hydrological cycle and water exchanges between
the Amazon Basin and the La Plata Basin was analyzed in the intensive campaign
of SALLJEX during the austral summer of 2002-2003. The SALLJEX was the
first World Climate Research Programme/Climate Variability and Predictability
(WCRP/CLIVAR) study campaign in South America (Carson et al., 2004). Sci-

2http://www.eol.ucar.edu/projects/salljex
3http://www.claris-eu.org
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entists, collaborators, students, government personnel, and local volunteers from
Argentina, Brazil, Bolivia, Paraguay, Chile, Uruguay, Peru, and the USA partici-
pated in this coordinated effort to improve the understanding of the LLJ using the

following strategies:

“) obtain an improved description of the temporal and spatial structure of the
SALLJ based on expanded monitoring activities and special field experiments;
i1) evaluate the veracity of numerical representation (forecasts and analyses)
of SALLJ against special observations; and

ii1) determine improvements to initial state representation and model param-
eterizations required to improve prediction” (Vera et al. 2004).

In this dissertation, data from the SALLJEX campaign are used to evaluate short-

term simulations.

1.2.2 CLARIS-LPB (2008-2012)

The CLARIS-LPB Project was a 4-year project of an integrated European—South
American research network fostering collaborations on regional climate changes and
their socio-economic impacts in the La Plata Basin. This project was the continua-
tion of a previous European-commissioned project, the CLARIS Project (Boulanger
et al., 2009), which aimed to perform climate studies and climate change impacts

on the whole continent of South America.

The overarching goals of this project were “improving predictions of the climatic
and hydrologic system, and designing adaptation strategies for land-use, agriculture,
rural development, hydropower production, river transportation, water resources and
ecological systems in wetlands in the La Plata Basin” (Berbery et al| [2011). Some of
the specific goals of the project were to assess the regional climate change (Solman
et al., 2011) and to evaluate the processes and future evolution of extreme climate
events (Cavalcanti et al., 2011)), particularly in the La Plata Basin. In order to as-
sess the regional climate change over the basin, an ensemble of coordinated regional
climate scenarios for dynamical downscaling was organized to characterize the un-
certainties in reproducing the observed and future climate from the regional model
simulations. Experiments were performed to analyze the present climate as well as

climate change studies due to anthropogenic forcings.

The capability of a 7-member ensemble of RCMs to simulate the present climate

were evaluated first to ascertain the uncertainties, strengths, and shortcomings of
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the models. The design of the experiments followed the proposed setup of the CO-
ordinated Regional Downscaling EXperiment (CORDEX) Initiative (Giorgi et al.)
2008, [2009). The seven regional climate simulations from state-of-the-art regional
models (including the model used in this dissertation) and a stretched-grid global
model are presented in Table in the Appendix [C]

The participation in the CLARIS-LPB Project is of great importance for this disser-
tation especially in the evaluation of model performance for the analysis of mesoscale

and regional scale atmospheric motions.

1.3 Motivation and research objectives

Based on the Integovernmental Panel on Climate Change (IPCC)? Fourth Assess-
ment Report (AR4), the forecasts for the climate of South America, particularly in
the La Plata Basin were: “likely that there would be increases in droughts, intense
tropical cyclones and extreme high sea level, very likely that warm spells and heavy
precipitation events would increase and virtually certain that there would be more
warm nights and fewer cold nights at the end of the twenty-first century compared to
the end of the twentieth century” (Christensen et al., 2007). Extreme precipitation
events over the basin can cause severe damage in the region such as flooding and
landslides, which pose detrimental effects to the densely populated area. In this
regard, before addressing the effects of climate change in the basin, it is necessary

to study the mechanisms that produce these extreme convective events.

Several case studies have already attempted to analyze the synergism of LLJs and
MCSs. These detailed studies, which are further described in the individual chap-
ters, emphasize the characteristics and variability of LLJs and MCSs but only in a
short period or using a coarse resolution reanalysis. The contribution of this study
is the long-term analysis of LLJs and MCSs characteristics using reanalysis and high
resolution regional climate simulations. The results of this study could be used to
set up an observational system for monitoring the LLJ and MCS in preparation for

extreme events.

4http:/ /www.ipcc.ch/
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In the course of the dissertation study, the following questions are investigated:

e What is the role of the MCSs and LLJs in South America?
e How do LLJs modulate the climate of South America?
e How do the MCSs form and how frequently do they occur?

e How strong is the correlaton between the LLJs and MCSs during austral sum-

mer?
The structure of the thesis is the following:

e Chapter [2| describes the regional model used in this study along with the

modifications to adapt the model to the region of interest;

e Chapter [3] analyzes the characteristics of LLJs using different definition crite-

ria;
e Chapter {| investigates the MCSs over the La Plata Basin;
e Chapter |5| quantifies the correlation between LLJs and MCSs; and finally

e Chapter [6] summarizes the major conclusions and open questions for further
study.



1. Introduction




2 The Regional Climate Model

2.1 Introduction

Regional Climate Models (RCMs) are state-of-the-art tools used for understanding
the climates of the past, present and future at regional and local scales. With high
spatial and vertical resolution, RCMs are able to resolve important atmospheric
processes that affect the regional climate (Jacob et al. 2001; |Giorgi et al.l 2008,
2009). In a detailed assessment of the status of climate models by Bader et al.
(2008), processes resolved by RCMs include the jet stream activity, tropical storms,
and orographic effects. Currently, RCMs are widely used for regional climate studies
especially in areas where observational datasets are sparse, for assessments of climate
change, and applications for impact studies such as hydrological and agricultural

modelling.

The regional climate model REMO (Jacob and Podzun, 1997 Jacob, 2001; |Ja-
cob et al., 2001)) is a three-dimensional, hydrostatic, atmospheric circulation model,
which solves the discretized primitive equations of atmospheric motion within a lim-
ited area. The dynamical core of REMO is based on the Europa-Modell (EM), the
former numerical weather prediction model of the German Weather Service (Majew-
ski, [1991)). The physical parameterization package of the current REMO version is
taken from the general circulation model ECHAM4/5 (Roeckner et al., (1996, |2003])

with some modifications.

As a limited area model, REMO is forced with initial and lateral boundary con-
ditions such as temperature, winds, moisture, and surface pressure. The boundary
conditions of REMO are derived from global circulation models for climate change si-
mulations or from reanalyses for hindcast simulations. A relaxation scheme (Davies,
1976) is used to adjust the prognostic variables towards the boundary forcing in a
zone of eight lateral grid boxes. At the lower atmospheric boundary, REMO is
driven by the land surface characteristics over land, and by the sea surface tem-
perature and sea ice distribution over sea. The sea surface temperature is obtained

either from the large-scale forcing, observational datasets, or calculated online by a
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regional ocean model coupled to REMO (Aldrian et al., [2005; Elizaldel 2011). The
model can be integrated in a forecast or climate mode. In the climate mode, the

influence of the driving fields is weaker compared to the forecast mode.

The atmospheric prognostic variables of REMO are the zonal and meridional winds,
surface pressure, temperature, specific humidity, cloud ice, and cloud liquid water.
The discretization through time utilizes the leap-frog scheme with semi-implicit
correction and time filtering to minimize numerical effects (Asselin, [1972)). The
momentum, temperature, and water content equations use a linear fourth-order
horizontal diffusion scheme. The transfer coefficients of momentum, heat, moisture,
and cloud water in the planetary boundary layer are calculated for the vertical
diffusion and turbulent surface fluxes using the Monin-Obukhov similarity theory
(Louis, |1979) with a higher order closure scheme. The eddy diffusion coefficients are

calculated as functions of the turbulent kinetic energy.

The REMO modelling system integrates
the input data from the native pressure

levels to the model’s vertical and hor- s

izontal coordinate system. The verti- 1

e ®

@
<
[y

cal grid of the model is a hybrid coor-
dinate system (Simmons and Burridge,
1981). At the surface or the k-th model

level, the pressure is equal to the sur-

/

-8 S

face pressure (ps) and follows the terrain n
(Figure . The orography at the sur-
face strongly influences the lowest ver-

tical level (n = k) while at the upper

levels, the orographic influence weak-

ens and the pressure levels become more Figure 2.1: Schematic diagram of the ver-

homogeneous. At the uppermost level tical structure of the model. The hybrid co-
ordinate system has vertical grids from the
pressure at the top (n = 1) down to the pres-
sure at the surface (n = k). Scalar values
variables () are simulated at full-levels (¢ ) are calculated at the center of the layers
in the center of each model layer while (n = 1,...,k, dotted lines). Vertical veloci-
ties (w) are calculated at the layer boundaries
(n=13/2, ...k —1/2,k +1/2, solid lines).

(n = 1), the pressure is equivalent to the

pressure at the top (pr). The prognostic

the vertical velocities (w) are calculated

at half-layers or at the layer interfaces.

In terms of the horizontal coordinate system, REMO utilizes the Arakawa-C grid
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(Arakawal, 1988)), where the scalar variables except the winds are defined at the
centers of each respective grid box (Fig-
ure . The map projection is a ro-
tated latitude/longitude grid with grid
spacing ranging from 0.5° to 0.088° in

.v(i7j+ 1)

hydrostatic mode, and 0.088° or less in
non-hydrostatic mode. This projection
PR o P03 g (i) is a spherical coordinate system derived
from the geographic coordinate system
by certain rotations using the Eulerian

) angles. The rotations move the geo-

graphic North Pole to a new position

relative to the domain of interest and

the rotated equator coincides with the
Figure 2.2: Schematic diagram of an

Arakawa-C grid box (top-view). Scalar val-

ues (p) are defined at the center of the grid The physical parameterizations of REMO
boxes, while wind-vector components (u,v) ’

are located at the borders of the grid boxes. which are based on the Max Planck
The i, j indices correspond to the grid in the Institute for Meteorology global cli-
x- and y-direction, respectively. mate model ECHAM4 (Roeckner et al.|

1996), have been modified in the recent years. A subgrid-scale tile approach for

center of the model domain.

land, water and sea ice surfaces is implemented (Semmler], 2002)). Cumulus convec-
tion is calculated using the mass flux convection scheme after Tiedtke (1989) with
modifications after Nordeng| (1994). The scheme has been extended to account for
convection due to cold air outbreaks connected to extratropical cyclones (Pteifer,
2006). The statiform cloud scheme is composed of prognostic equations for the
vapor, liquid, and ice phase and a cloud microphysical scheme by Lohmann and
Roeckner| (1996)). The radiation scheme is calculated after Morcrette et al.| (1986))
with modifications for additional greenhouse gases, the 14.6 pum band of ozone, and
various types of aerosols. The land surface and atmosphere interactions include
an improved surface runoff scheme (Hagemann and Dtimenil, 2003), inland glaciers
(Kotlarski, 2007)), and vegetation phenology (Rechid and Jacobl 2006). The soil
hydrology is represented by a bucket scheme, in which a bucket exists at each model
grid point and the depth of the bucket is equivalent to the mean rooting depth of
the grid box (Kotlarski, [2007; Haensler et al., 2011]).

REMO has demonstrated reasonable skill in simulating the regional climatic char-

acteristics in different regions of the globe including South America (Jacob et al.,
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2012). Examples of these process studies include the simulations of the precipita-
tion in water isotopes (Sturm et al., [2007)), air pollution in megacities (Teichmann,
2010), and the mean climate state of the whole continent (Silvestri et al., 2008), par-
ticularly in the Colombian-Caribbean Catchment Basin (Hoyos et al., 2013). The
aforementioned studies use an older version of REMO. With the recent version of
REMO, simulations are performed to investigate the climate of South America par-
ticularly on the interactions between tropospheric circulations and large convective
systems. The goals of this chapter are to introduce the latest model version, the
model setup, and the modifications done in the land surface scheme to improve the
representation of the South American climate. The skill of REMO in representing
the different regions based on hydrological sub-basins and climate characteristics is

also evaluated.

2.2 Experimental setup

2.2.1 Changes in the land surface scheme

Vegetation cover plays an important role in defining the surface energy budget and
influences the near surface atmosphere. The main interactions between the at-
mosphere and the land surface are parameterized in five ways: evapotranspiration,
momentum transfer, soil moisture availability, radiative fluxes, and insolation (Sten-
srud}, 2007). In the current section, changes in the land surface scheme are applied
to the parameterization of the soil moisture availability. Several studies showed a
linear correlation between soil water content in the root-zone and the daily maxi-
mum values of sensible heat flux and latent heat flux such as the observational study
of Basara and Crawford| (2002). Vegetation type, density, and variability influence
the release of latent heat fluxes since vegetation is able to tap into deep moisture

sources.

The REMO land surface scheme has been briefly introduced in Section 2.1} After
the preprocessing stage in REMO, the vegetation land cover within a grid box is
described by the ratio of one-sided leaf area to ground area or leaf area index (LAI),
fraction of green vegetation cover, background surface albedo, surface roughness
length due to vegetation, fractional forest cover, and water holding capacity (weqp)
depending on plant rooting depths. The monthly fields of LAI, fractional green

vegetation cover, and background surface albedo provide the annual vegetation cycle
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without interannual variability (Rechid and Jacob, [2006; Rechid, [2009).

In South America, the climate is strongly influenced by the Amazon rainforest, which
is a main source of evapotranspiration. |Li and Ful (2004) highlighted the importance
of the surface evapotranspiration and large-scale moisture transport in determining
the onset of the wet season over the Amazon Basin. Regional models as well as global
models have difficulties in representing the land-atmosphere interaction within the
Amazon basin. In [Silvestri et al.| (2008)), a persistent overestimation of simulated
temperature more than 5 °K over the Amazon region during spring was obtained.
In that study, where they used an older version of REMO driven by the ERA-40
reanalysis within a 43-year period, a strong warm bias was calculated, although the

simulated precipitation was comparable to observations.

In order to reduce the overestimation of surface temperature over the Amazon Basin,
sensitivity studies are conducted by changing the permanent wilting point param-

eter. In the land surface scheme, the volumetric permanent wilting point (fpu,) is
defined as:

w — W
fpwp _ Xeap ava (2 1 )
Weap

where weq, is the maximum amount of water the soil can hold, f,., is the condition
where plants can no longer extract water from the soil, and wy,, is the difference
of the two quantities. In REMO, as well as in the global model ECHAM, the f,.,
parameter is set to a constant value of 35%. Hagemann et al.| (1999)) suggested
that the rooting depth can be extended by increasing the water holding capacity
(Weap), which is parameterized in the ECHAM model using the available water ca-
pacity (wape) and the permanent wilting point ( f,,). Kleidon and Heimann| (2000)
emphasized the need to increase the rooting depth in the land surface scheme of
the global model ECHAM to represent the deep roots especially in the Amazon

Rainforest.

The hypothesis of the sensitivity study is that the surface warming during spring
can be minimized by lowering the threshold of the permanent wilting point, hence,
indirectly extending the rooting depth. Increasing the rooting depth especially in
the Amazon Rainforest increases the access to stored water in the deep soil during
dry periods and will lead via more transpiration to evaporative local cooling and

moister air.

In order to indirectly extend the rooting depth in the model, the f,,, is lowered from

35% to 10%. To verify the hypothesis, the f,., adjustments are first calculated over
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the whole continent and last, on the forest-covered regions. Figure [2.3] shows the
approximate location of the dense forest cover (LAI > 8), which is characterized in

the model and depicted in green-shaded contours.
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Figure 2.3: Leaf area index (LAI) parameter in the model in m?/m?. The geographical
longitude and latitude are approximations in the rotated grid.

To calculate the f,,, threshold value as a function of the LAI (Figure , the

following conditional equations are added in the model:

0.35V LAI < 8
= . 2.2
Toup {O.wVLAIZS} (2:2)

2.2.2 Experiments

Short sensitivity studies listed in Table[2.T]are designed to test the hypothesis on how
to reduce the warm bias over the Amazon region. The experiments modify the per-
manent wilting point parameter (fyu,) from 35% (REMOcrgL), 25% (REMOy 25),
and 10% (REMOy 19). The last experiment (REMOg 10 forest) modifies the fp,, at re-
gions with high values of LAI (Equation. The fyup with the value of 10% means
that 90% of the water holding capacity is potentially available for transpiration.
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Table 2.1: Short sensivity experiments on the modification of the fp,,;, parameter for a
two-year period (1989-1990).

Experiment fpwp Description

REMOc¢rrr 35% Control setup, Standard REMO
REMOy 25 25%  fpwp reduction over the whole domain
REMOg 19 10% fpwp reduction over the whole domain

REMOg.10forest  10%  fpup reduction over the forested region only
and 35% for the rest

The model version used in the sensitivity study is REMO2009 (Jacob et al., 2012)).
The horizontal grid resolution is 0.44x0.44 ° (approximately 50x50 sq. km) in the
rotated coordinate system with the rotated North Pole located at 56.06 °WW and

70.6 °N. The size of the model domain, which covers the South American continent,

contains 151x181 grid points and 31 vertical levels. The pressure at the top (pr)
is defined as 10 hPa. The model is integrated with a time step of 240 s. For the

model to reach an equilibrium state, a spin-up period of 20 years is implemented.
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Figure 2.4: Model domain with orography in m.

Initial and lateral boundary conditions are driven by so-called “perfect” bound-
ary conditions from the European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim Reanalysis (Dee et al| [2011), hereafter referred as EITR.
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The simulation period for the sensitivity experiments is from 1989-1990. Figure
2.4 shows the model domain encompassing the South American continent and sur-
rounding areas of Central America, and the Pacific and Atlantic Ocean. The Andes
Mountain range flanks the western part of the continent with terrain heights reaching
above 4,000 m.

2.2.3 Study regions

Within the CLARIS-LPB Project (cf. Chapter, the performance of REMO has
been compared with other RCMs (cf. Table . To compare regions with similar
climate characteristics, several study regions are selected based on hydrological sub-
basins and climate types (Figure . The regions have been used in providing a
general overview of the the South American climate characteristics. The sub-basins
of Paraguay, Uruguay, Upper and Lower Parana (Figure and the subtropical
humid (Cr) climate type (Figure represent the La Plata Basin and these areas
are used for further analysis in Chapter [4]
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. AW — Troplcal Wet-Dry
Dry Arld

Northeast
Brazil

Dry Semi-Arid

. Cs— subiropical Summer—Dry

South Amazon

. Cw— Subtroplcal Summer—Wet

.Cr— Subtropleal humid

. Do~ Temperate oceanic
Temperate Continentall

. Eo0— sub—aretic oceanic

. Ec— sub—aretic continental

Tundra/Highland

[ [ ——

(b) South America climate classification ac-
cording to Koeppen-Trewartha. From

(a) Model domain with orography (m) and (2012).

subregions. From Solman et al.| (2013).

80W  70W  60W  50W  40W

Figure 2.5: Model domain with study regions including hydrological sub-basins (a) and
areas with similar climate types (b).
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2.3 Results and discussions

The simulations are evaluated using various observational datasets. Appendix

compiles the complete list of these datasets used throughout the study.

2.3.1 Land surface experiments

The results of the sensitivity experiments in order to reduce the springtime warm
bias over the Amazon are shown in this section. Figure displays the temperature
difference of the control run (REMO¢rgL) against the observational dataset from
the University of East Anglia Climate Research Unit (CRU) version TS3.0 (Mitchell

and Jones|, 2005). The warm bias over the Amazon Basin ranges from 2 to 8 K.
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Figure 2.6: Austral spring (SON) temperature bias of a two-year experiment using the
new model version REMO2009 compared to the CRU observational dataset. The units
are in K.

Due to the the lack of soil moisture during spring, the soil tends to become dry,
which can be attributed to more sensible heat fluxes compared to the latent heat
fluxes. The lack of evaporative cooling leads to a too high surface temperature. The

springtime warm bias of surface temperature is related to the roots that are not
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deep enough to reach the available water in deeper layers. They are parameterized
in the model indirectly through the amount of soil water available for plants. In
order to extend the rooting depths, the plant available water in the soil is increased
by reducing the f,,,. This reduction increases the amount of water available for

plants in the bucket scheme model.
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(c) REMOg.1forest REMOcTRL

Figure 2.7: Temperature biases (K) of the different experiments listed in Table from
the control run (REMO¢7rr) during austral spring 1989-1990.

Figure shows the comparison of the sensitivity test results with the standard
REMO (REMOg¢rgz). The change in f,,, from 35% to 10% results in overall
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cooling over the Amazon Basin. The cooling in the REMOj 19 experiment (Figure
2.7b) is more than 2 K, which is the highest in terms of magnitude and spatial
extent compared to the other experiments. The surface cooling in the realistic
REMOg 10forest €xperiment (Figure appears mostly over the Amazon Basin

compared to the wider coverage in the REMO ;¢ simulation.

The surface fluxes are also investigated. The latent heat fluxes exhibit higher rates
in both REMOy 19 and REMOg 10 forest compared to the REMOcrgr, setup while the
sensible heat fluxes remain almost constant (figure not shown). As a consequence of
the increase in available water supply in the soil, the latent heat flux also increases.

As a response, the near surface temperature is lower compared to the control run
(REMOc¢rryL)-

The mechanism of indirectly altering the root depths in the Amazon rainforest
reduces the warm bias by up to 3 K during spring. This model configuration of
REMOg10forest €xperiment partially resolves the surface warm bias. Therefore, the
REMOq.10forest setup is used further for longer simulation and this modified version
will be referred hereafter as REMO. REMO is the tool used for the analysis of the

low level jets and the mesoscale convective sytems in South America.

The complete simulations performed using this new modified version of REMO
including the sensitivity experiments are listed in Appendix [B] In addition, within
the CLARIS-LPB Project Framework (cf. Section , climate projections using
the CMIP3 A1B! and CMIP5 RCPs? scenarios have been simulated. Results for
the downscaling of climate simulations using A1B and RCPs are not included here
but they are presented in Samuelsson et al| (2013|) and Teichmann et al. (2013),

respectively.

2.3.2 Temperature and precipitation

The new model version with the modified soil water parameterization in the Amazon
Rainforest reduces the springtime temperature bias over the Amazon as shown in
Figure 2.7d To simulate the climate of South America, the experiment is extended
from two to twenty years. The simulation period is from 1989 to 2008. The de-
rived climate variables of temperature, precipitation, and winds are evaluated using

observational datasets and reanalysis.

Thttp://esg.llnl.gov:8080 /home/publicHomePage.do
2http://cmip-pemdi.llnl.gov/cmip5 /forcing.html
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Detailed analyses of the model performance in simulating the monthly temperature
and precipitation are written in two papers (cf. Appendix [E| and . The findings
are briefly summarized here.

The uncertainties in simulating temperature and precipitation using seven regional
models including REMO are listed in the coauthored paper of Solman et al.| (2013)).
The abstract of the manuscript and contributions of the author are written as Ap-
pendix [E] In this work together with scientists from South America, the variability
of the models in simulating the climate at seven subregions including hydrological
sub-basins (cf. Figure are shown. REMO simulates the annual cycle of pre-
cipitation and temperature reasonably well compared to the other models in six
out of the seven subregions. In the South Amazon region, most models including
REMO show a warm bias as shown in Figure 2.8 The possible reasons for the
large spread of surface temperature among the models during spring are due to the
different treatment of land surface processes and insufficient observations over the
region. However, the simulated precipitation annual cycle in South Amazon from
the different models approximates the observed annual cycle, which peaks during
November to March.
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Figure 2.8: Annual cycle of mean monthly temperature (K) and precipitation
(mm/month) spatially averaged over sub-basins defined in Figure Solid lines in-
dicate individual RCM (e.g. REMO, green) and thick black line indicates the ensemble
mean of the RCMs. Dashed red lines are individual observational datasets and thick red
line is the ensemble mean of the observations. The period considered is from 1990 to 2008.
Adapted from Figure 6 and 7 of |Solman et al.| (2013).

Jacob et al.|(2012)), another coauthored paper, highlights the transferability of the re-
gional model REMO to different CORDEX regions namely Africa, Europe, Mediter-
ranean, West Asia, North and South America. The goal of that study was to assess
the capability of REMO to reproduce the observed climate over regions apart from
Europe, the model testbed. The skill of REMO in simulating precipitation and
surface temperature in regions with similar climate characteristics based on the

Koeppen-Trewartha classification (Trewartha, |1954) are quantified using probabili-
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tistic functions. In South America, the major climate types are tropical humid
(Ar), tropical wet-dry (Aw), dry semi-arid (Bs), subtropical humid (Cr), subtrop-
ical summer-dry (Cs), and temperate oceanic (Do) climates. Table shows the
overall temperature and precipitation skill scores at different climatic regions®. The
scores are relative to the reference dataset, CRU. REMO has relatively high (rela-
tively low) skill scores for regions with subtropical (tropical) climate types. Further
details about the abstract of the manuscript and contributions of the author are
attached as Appendix [F]

Table 2.2: Skill score summary for REMO based on probability density functions (PDF)
for temperature (T) and precipitation (P) for each sub-regions based on climate types
defined in Figure The last column shows the weighted mean of PDF skill scores
(W_mean_CT) across different domains for every climate type. The period considered is
from 1989 to 2006. Taken from Figure 6 in Jacob et al.| (2012).

Europe | Medit. |N.Americal W.Asia | Africa |S. Americal W mean CT 1
T T

FT/Highlands

2.3.3 Upper air circulation

In this section, the results of the 20-year model simulations (REMO) are compared
with the reanalysis (EITR). Note that the observed circulations in South America
have been discussed in the first chapter (cf. Chapter .

30ther climate types not mentioned in the text but included in the skill score table: dry arid
(Bw), subtropical summer-wet (Cw), temperate continental (Dc), sub-arctic oceanic (Eo) and
continental (Ec), and tundra or highland (FT).
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Figure 2.9: Mean wind at 300 hPa during austral summer (DJF, top panels) and winter
(JJA, bottom panels) from ERA-Interim reanalysis (left panels) and REMO (right panels)
for the 1989 to 2008 period. Wind speed is in coloured contours and streamlines indicate

the wind direction. Units are m/s.
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Figure [2.9|shows the seasonal means of observed and simulated upper air circulation
at 300 hPa for 1989 to 2008. During austral summer (Figure & , the
anticyclonic circulation over Bolivia (Bolivian High) is clearly defined in both EITR
and REMO. The cyclonic circulation or the Nordeste Trough over the Northeastern
coast of Brazil is also depicted during the warm season. These two circulations are
associated with the release of diabatic heating in the Amazon Region (Lenters and
Cook, 1997). At higher latitudes, strong westerlies extend from 40 °S towards the
pole.

During austral winter (Figure & , the Bolivian High disappears and, in-
stead, the incursion of easterlies occurs over the northern part of the continent due to
the shift of the ITCZ during this season. Another possible reason for the absence of
the Bolivian High is due to the absence of deep convective systems. During the cold
season, the upper air is more stable compared to the warm season. The westerlies at
higher latitudes also migrate equatorward strenghtening the subtropical jetstream,

which brings cold air from the South.

2.3.4 Lower troposphere circulation

The winds and mean sea level pressure at 850 hPa show the circulations near the top
of the planetary boundary layer. Figure describes the 20-year mean climatol-
ogy of the observed and simulated regional circulations during austral summer and
winter. The observed low level jet east of the Andes is present in both seasons but
more intense during winter than during summer. The semi-permanent anticyclonic

circulation over the Pacific and Atlantic oceans as well as the strong westerlies near
Antarctica are depicted in EITR during both seasons (Figure & 2.10d)).

The high wind speeds over the northeast coast of Brazil are more intense and pen-
etrate further inland in REMO than in EITR for both seasons. The simulated low
level jets near the Andes appear to have higher wind speeds (Figure [2.10b{ & [2.10d))

compared to the reanalysis. The difference in the magnitude is approximately 1-2
m/s especially during austral summer. In a previous study, which simulated the
climate of South America using an older REMO version and was driven by a coarser
resolution reanalysis, the simulated low level jets were weaker than the ERA-40
driving fields (Silvestri et al., 2008). The comparison implies that the new version
of REMO driven by a high resolution analysis is able to simulate the magnitude and

spatial extent of the low-level circulations.
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Figure 2.10: Mean winds (m/s) at 850 hPa and mean sea level pressure during austral
summer (DJF) and winter (JJA) from ERA-Interim (left panels) and REMO (right panels)
for the 1989 to 2008 period. Contours or isobars are the mean sea level pressure (hPa),
vectors and shaded contours indicate wind direction and speed, respectively.
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2.4 Summary and conclusions

Regional climate models are state-of-the-art tools that are widely used for process
studies especially in regions where observations are sparse. In the analysis of the
regional scale interactions of low level jets and mesoscale convective systems in South
America, the regional climate model REMO is used. The aim of this chapter is to
assess the suitability of REMO as a tool for the current study. The chapter is

summarized as follows:

e The default model version of REMO during the course of the dissertation is
REMO2009. The dynamical and physical parameterization schemes of the
model as well as the model setup covering the South American continent have
been described. The horizontal grid resolution is 0.44°x0.44° (about 50 kmXx
50 km). The number of grid points in the x— and y—direction is 151x181
with 31 vertical levels. The model uses a rotated coordinated system and the
location of the rotated North Pole is at 56.06 °WW and 70.6 °N.

e RCMs are not able to represent well the surface temperature over the Amazon
Basin especially during austral spring, when the moisture level is low due to
the preceding winter. The common problem is due to insufficient represen-
tation of the land surface and atmosphere interaction over the region. The
warm bias also appears in REMO2009, the default model setup of REMO.
Short sensitivity studies with a simulation period of two years after a spinup
period of 20 years, are designed to represent the land surface characteristics
over the Amazon Rainforest. Four tests are performed using the REMO2009
version driven by the ERA-Interim reanalysis with varying values and coverage
of the permanent wilting point parameter, which influences the water holding
capacity of the vegetation in the affected region. The setup in which the per-
manent wilting point parameter is set to 10% over regions with high leaf area
index (> 8 m?/m?) exhibits the most realistic decrease of surface temperature
in terms of affected regions. The modifications lead to the increase of latent
heat fluxes while allowing the sensible heat to be almost constant, thereby,
reducing the surface temperature over the Amazon basin by approximately 3
K during spring. This setup is further used in the analysis and herein referred
to as REMO.

e The simulations of REMO driven by the ERA-Interim reanalysis are extended

covering the 1989 to 2008 period. The simulated climate in terms of tem-
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perature and precipitation values are compared against various observational
datasets. The regions used for comparison are classified either according to hy-
drological subbasins or based on the Koeppen-Trewartha climate types. Two

collaborative papers are written and are summarized below:

In the framework of the CLARIS-LPB Project, the uncertainties in sim-
ulating monthly temperature and precipitation using seven regional models
including REMO are evaluated in several regions based on its hydrological
and climate characteristics. In six out of the seven subregions, REMO is able
to simulate the mean annual cycle of precipitation and temperature reason-
ably well compared to the other models. Over the South Amazon region, most
models including REMO still exhibit the spring time warming. Possible rea-
sons are the different land surface scheme of each model and an insufficient

density of observations in the region.

In the framework of the CORDEX initiative, the transferability of REMO
to six CORDEX regions including South America are assessed for regions
defined by the Koeppen-Trewartha climate classification types. Major climate
types of South America are the tropical humid, tropical wet-dry, dry semi-arid,
subtropical humid, subtropical summer-dry, and temperate oceanic climates.
The skill of the model in simulating the observed precipitation and temperature
within the 13 regions based on climate types is measured using probability
density functions. Based on the skill scores relative to the CRU observations,
relatively high scores are calculated over subtropical climate types including
the La Plata Basin while relatively low scores are found in tropical climate

types including the Amazon Basin.

e The simulated atmospheric circulations at 300 hPa and 200 hPa are evalu-
ated using the EITR reanalysis. The main circulations such as the Bolivian
High and Nordeste Trough during summer, the low level jets, and the semi-
permanent anticyclonic circulations over the Pacific and Atlantic oceans during

summer and winter are generally represented in REMO.

The ability of REMO to simulate the mean climatic features in South America is
substantiated based on the results indicated above. This chapter illustrates that the
modified version of the regional model REMO can be used as a reasonable tool for

the analysis of the regional climate in South America.



3 Low-level jets over South

America

3.1 Introduction

The classical definition of a low-level jet (LLJ) is a wind maximum found in the
vertical profile of horizontal winds within the atmospheric boundary layer. The
formation of LLJs occurs under favorable synoptic conditions such as diurnal changes
in the vertical temperature structure near the ground, due either to sloping terrain or
by heat exchanges at the surface. One theory from |Blackadar| (1957) is that the daily
cycle of jets as a response to inertial oscillation. During daytime, the subgeostrophic
speed of lower tropospheric air is decelerated due to vertical, turbulent mixing with
the heated surface. During nighttime without surface heating, the layer of air in
contact with the ground undergoes radiative cooling. This layer becomes statically
stable, decouples from the layer of air above, which becomes nearly frictionless and
turbulence-free, and accelerates due to the synoptic pressure gradient. The effect of
the Coriolis force on this accelerating, nearly frictionless air stream is to cause an

inertial oscillation with supergeostrophic speeds being reached after several hours.

Several other theories of LLJ formation are due to terrain sloping and the possible
coupling with a return circulation in the jet streak or with other synoptic circu-
lations. The LLJ mechanism as a response to the diurnal heating and cooling of
sloping terrain results in a periodic variation of thermal wind and a subsequent
surface geostrophic wind oscillation (Holton, 1967). In addition, a combination of
several mechanisms such as favorable large-scale conditions contributes to the LLJ
formation (Stensrud, [1996)).

According to the pioneering study of Bonner| (1968)), LLJs can be detected from
observational datasets using three selection criteria based on varying wind speeds
at the level of the wind maximum. Identifying LLJs is essential because these
jets transport moisture at the jet level, increase the low-level convergence at the
nose of the jet, and are responsible for sustaining convection at night. LLJs are
partly responsible for nighttime thunderstorms and the development of mesoscale

convective systems at the exit region of the jet.



28 3. Low-level jets over South America

The importance of detecting the low-level jets over different regions are highlighted

in several studies. |[Stensrud (1996), in his comprehensive review on LLJ studies,

identified favourable regions where LLJs tend to develop. Some of the locations
include the Great Plains of the United States (Whiteman et al.,|1997)), parts of North
Africa (Fiedler et al.,[2012) and the region east of the Andes in South America. The

latter is analyzed mainly because of its impact on heavy precipitation and severe

weather conditions.

Strong low-level jets in South America are detected near the foothills east of the
Andes mountains (Figure. The LLJs in these regions are important especially in
their impact on the poleward transport of moisture and advection of heat, which is
associated with the development of severe convective events. The following possible
mechanisms of the development of LLJ, which were proposed after the extensive
short-term SALLJEX observational study by [Vera et al| (2006a), were:

“a) the deflection of the trade wind circulation that crosses the Amazon basin;
b) purely local, topographically generated feature, driven by dry dynamics, but
possibly modified by moist convection on the Andean slopes; c) an externally
forced feature, produced by wvariations in the pressure field in northern Ar-
gentina associated with transient perturbations in the westerlies; and d) prop-
agation of low-level wind bursts from the North Atlantic toward the La Plata
basin through the Amazon basin”.

Elevation (km)
B
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Figure 3.1: Schematic diagram for a possible LLJ mechanism in South America. The
trade winds are deflected polewards due to the mountain barrier and the Coriolis force.
The LLJ is actually like a ribbon of air parcels coming out of the page. The tilted isoline
is exaggerated to emphasize the warmer air in the east compared to the cooler air near
the Andes.

In South America, a climatology of the low-level jet east of the Andes mountain range

was documented by [Marengo et al.| (2004) using the United States National Center

for Environmental Prediction — National Center for Atmospheric Research reanalysis
(NCEP, hereafter) with a horizontal resolution of 2.5°x2.5° resolution (Kanamitsu,
, 2002) and available upper-air observations from 1950 to 2000. In order to
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ascertain the characteristics of the low-level jets, they applied the first Bonner crite-
rion (Bonner, [1968) using the coarse-resolution NCEP reanalysis and selected eight
upper-air observations from the Pan American Climate Studies—Sounding Network
(PACS-SONET)! and other existing upper-air stations. The annual cycle of the
number of LLJ events at grid points nearest to selected stations were investigated
and results indicated that LLJs tend to occur all year long. Among the eight sta-
tions, five of them indicated a high frequency of LLJ occurrence throughout the
years. Mariscal Estigarribia, Asuncion, and Foz do Iguassu Stations detected LLJs
that peaked during winter while Santa Cruz and Robore Stations detected high LLJ
activity during the austral summer in the region. The maximum LLJ events were
detected in Mariscal Estigarribia Station with more than 500 cases in June during
the 50-year time period. The stations Cobija, Trinidad, and Curitiba detected less

than 200 cases as they were situated at the entrance and exit regions of the LLJ.

During the intensive campaign of SALLJEX (cf. Chapter [1.2.1]), the northerly LLJs
were analyzed as they were important drivers for the development of deep convective
systems. Vera et al.| (2006a) identified the Santa Cruz Station as the region with the
highest frequency of LLJ episodes. [Nicolini et al. (2006) characterized the spatial
variability and the diurnal cycle of the low-level flow under different large-scale
environments during the campaign. They found that the LLJ profile tends to have
maximum strength at 12:00 UTC (8 am local time) in tropical stations (e.g. in
Bolivia). In subtropical stations (e.g. in Argentina), the time of local maxima

occurs earlier at 9:00 UTC (5 am local time).

Regional climate models have been used to analyze the characteristics of the LLJs
in South America. Saulo et al.| (2000) used the regional model ETA (Pesquero
et al., [2009) driven by the NCEP reanalysis to simulate the LLJs during the austral
summer of 1997-1998. The model with 0.4°x0.4° grid resolution was able to identify
the LLJs and it detected more LLJs compared to the pilot balloon observations at
the Santa Cruz Station. The large number of LLJ events in the model were due to
the low and intermittent frequency of available observations. In contrast, da Silva)
et al. (2010)) detected a lower frequency of LLJ during the same time period. They
used the RegCM3 model (Pal et all [2007) driven by the NCEP reanalysis during
the SALLJEX Period to analyze the sensitivity of detecting LLJs using different
cumulus parameterization schemes. Investigating a different time period over the
same region, |Vernekar et al.| (2003)) characterized the LLJs and their impacts on the

austral summer climate using the ETA model driven by NCEP reanalysis during

Thttp:/ /www.nssl.noaa.gov/projects/pacs/
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normal years (no El Nino/La Nina Oscillations). They detected LLJs east of the
Andes Mountains, west of northern Cordillera Occidental, and additionally, three
distinct LLJ region over Columbia, Venezuela and Guiana. [Silvestri et al. (2008)
simulated the climate of the region using an older version of REMO driven by the
ERA40 reanalysis for 43 years from 1958-2000. In a mean summer month, the
intensity and spatial extent of the winds in the LLJ region was weaker and smaller

compared to the driving reanalysis.

In this chapter, the spatial and temporal characteristics of LLJs are discussed. The
following research questions are investigated: (1) how are LLJs detected? (2) what
are the characteristics of LLJs? and (3) are the temporal and spatial variability of
LLJ occurrences dependent on resolution? Using REMO, the spatial and temporal
characteristics of the poleward flow in the lower troposphere in South America are
identified and described. Note that low level jets from the south also occur in
the region but only the low level jets from the north are considered due to their
importance in transporting moisture during the warm season. Hence, hereafter,

only the northerly low-level jets are discussed as LLJ.

3.2 Data and methods

In this study, the spatial and temporal characteristics of LLJs are described using
a high resolution simulation of 0.44°x 0.44° with REMO driven by the reanalysis
of T255 spectral resolution (about 0.75°) from ERA-Interim (EITR). The 6-hourly
EITR reanalysis are also used as the initial and boundary conditions for the REMO
simulation. ERA-Interim has 60 model levels in hybrid pressure-sigma coordinates.
During the study, REMO has 31 model levels due to computational costs and time
consumption. The number of vertical levels can be increased, however, the model
evaluation in Chapter already substantiated the ability of REMO to simulate
the observed climate of the region. The model levels are interpolated to 9 varying
pressure levels at 1000-, 900-, 850-, 700-, 500-, 400-, 300-, 200-, and 100 hPa. The
reanalysis and the SALLJEX data are used to compare the results obtained from
REMO.

LLJs are originally identified using the first Bonner criterion (BC), which is based on
long-term wind speed observations from North America. According to this classical
definition, an LLJ event is detected when the wind speed at the level of maximum

wind (Vjnez) is equal to or higher than 12 m/s. In addition, the wind speed should
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decrease (AV') by at least 6 m/s either to the next higher minimum or up to the 3
km height level, whichever is lower (Bonner, 1968). Based on observational studies
in South America (Marengo et al., 2004; Vera et all 2006a)), the level of maximum
wind is considered to be at the 850 hPa pressure level. The vertical wind shear is
calculated between the 850 hPa and 700 hPa pressure levels.

In the modified Bonner criterion (MB1), the BC criterion was adapted based on
short-term observations focusing on meridional winds (). The wind speed threshold
is lowered to 8 m/s to include LLJ events detected in other radiosonde stations
(Sugahara et all |1994} da Silva et al., 2010). The third criterion for detecting LLJs
is MB2, which is similar to BC but using the meridional component only (Rozante
and Cavalcanti, 2008]). All three criteria are used in detecting LLJs at grid points
closest to station observations. In addition, only northerly winds are considered and

the meridional wind speed is higher than the zonal wind speed.

Table summarizes the three criteria, which differs in wind speed components at
850 hPa, and vertical wind shear between 850 hPa and 700 hPa. The simulated
number of LLJ events detected over the whole domain is compared to the events
detected in the EITR reanalysis, which is also the driving field. The detected LLJs
are compared at grid points nearest to the eight station locations (Figure corre-
sponding to the stations in the previous study of [Marengo et al.|(2004)) on the LLJ

climatology.

Table 3.1: Different low level jet selection criteria. Vi, is defined as the wind speed at
the 850 hPa level. v is the meridional component of V.. AV is the vertical wind shear
between the 850 hPa and 700 hPa pressure levels. Criteria references are also shown.

Criterion 850 hPa winds Wind shear  References

BC Vinaz > 12 m/s AV > 6 m/s |Bonner| (1968)
MB1 v<-8m/s AV >2m/s [Sugahara et al.|(1994)
MB2 v<-12m/s AV > 6 m/s Rozante and Cavalcanti (2008)
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(A) Cobija Bolivia -68.78 -11.04 271
(B) Trinidad Bolivia -64.92 -14.82 156
(C) Santa Cruz Bolivia -63.15 -17.76 373
(D) Robore Bolivia -59.76 -18.33 277
(E) Mariscal Estigarribia Paraguay -60.60 -22.02 155
(F') Asuncion Paraguay -57.63 -25.27 83
(G) Foz do Iguassu Brazil -54.58 -25.52 180
(H) Curitiba Brazil -49.17 -25.52 908

Figure 3.2: Upper air station locations used for sampling LLJ events and orography (m).
The station locations and elevation are indicated in the table inside the figure. Source of

station locations at http://www.nco.ncep.noaa.gov.
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3.3 Results and discussions

3.3.1 Model evaluation during SALLJEX

Before assessing the LLJs in the 20-year simulation, a subset of the reanalysis (EITR)
data and simulation (REMO) are validated using the SALLJEX observations. Note
that one of the aims of this campaign was to be a platform for validating simulations
performed during the austral summer of 2002-03 (Vera et al., 2006a). The simulated
LLJs during this period are identified and compared with the observations in Santa
Cruz Station (cf. point C in Figure [3.2).

In addition, the NCEP reanalysis data is shown for comparison. The NCEP reanal-
ysis has a horizontal resolution of 2.5°x2.5° and 17 vertical levels from the surface
up to 10 hPa. The temporal resolution is 6-hourly at 00:00, 06:00, 12:00 and 18:00
UTC. The NCEP reanalysis dataset has been widely used in SALLJEX as well as

several other LLJ studies in the region.

Figure(3.3|depicts the LLJ episodes using the vertical profile of the meridional winds
at a grid point close to the Santa Cruz Station during SALLJEX. In the NCEP
reanalysis (Figure , four LLJ episodes are detected using the BC criteria (Vera
et al., [2006a). Note that within a given period, an LLJ event is detected every six
hours while an LLJ episode comprises of a series of connecting events. The duration
of this LLJ episodes could last up to a few days. The breaks in between the episodes
are partially due to incursions of southerly meridional winds. The relevance of the
southerly meridional winds are not fully explored in this comparison since the sample

period is short.

The Bolivian High, which is a semi-permanent subtropical high pressure system
present at upper levels during summer, is also depicted in Figure |3.3| and perturbs
the low-level flow structure or vice versa. However, the short time period is not
sufficient in the analysis of synoptic conditions at upper levels. In comparison, the
meridional wind data of EITR and REMO have stronger northerly meridional wind
components (Figure & [3.3d darker shades of blue) than the NCEP reanalysis
data especially at the 850 hPa pressure level. This result may be due to differences
in spatial resolution. The difference in horizontal resolution from 300 km down to
50 km leads to different grid point location close to the actual longitude-latitude
coordinates of the station, in this case, Santa Cruz. The sensitivity of detecting LLJs

at different grid points is further investigated and discussed in the next section
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(3.3.2). In addition, the REMO model is used in the climate mode wherein the
influence of the driving reanalysis is weaker than in the forecast mode. In the
climate mode, REMO develops its own climate, which could be different from the
driving fields.
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Figure 3.3: Evolution of the meridional wind component (v) at different pressure-height
levels in hPa during the January-February 2003 period for the grid point closest to the
Santa Cruz Station using reanalyses and REMO simulations. v in the Hovmoeller diagram
is in m/s. Blue (red) shades indicate northerly (southerly) wind direction. Horizontal
resolutions are indicated in the subcaptions.

The mean vertical profiles of the wind speed at the Santa Cruz Station during the
LLJ events are shown in Figure The observations (Figure [3.4h) are from pilot
balloon (PIBAL) measurements obtained only during 12:00 and 21:00 UTC (08:00
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and 17:00 Local Time). In the reanalyses and REMO, the horizontal winds at
different model levels are available every six hours. Thus, the direct comparison in
this figure is only at 12:00 UTC, in which REMO and the reanalyses coincide with
the time of the PIBAL observations.
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Figure 3.4: Profiles of mean wind speed vs height from a composite of detected LLJs
following the first Bonner criterion (BC) during SALLJEX. Observations (a) released at
Santa Cruz (adopted from http://www.nssl.noaa.gov/projects/pacs/salljex/ppbb/
LLJ_Crit1_SCZ.speed.jpg) and y—axis indicates the altitude above ground level in (m).
Winds from NCEP (b) and EITR (c) reanalyses, and REMO (d) simulation are obtained
from the nearest grid point location. The station elevation is 373 m (Figure .

At 12:00 UTC (green line in Figure [3.4), the vertical profiles of the two reanalyses
and REMO follow the behavior of the observations, in which the mean wind speeds
increase from the ground up to around 1,200 m followed by a decrease with height
up to 3,000 m. At the level of the wind maximum, which is near 1,000 m above
ground level, the observed mean value in Santa Cruz, Bolivia during LLJ events
is 12 m/s (Figure [3.4h). Comparing REMO with the reanalyses (Figure 3.4b—d),
REMO has the highest wind speed of about 18 m/s, followed by NCEP (15 m/s),
and EITR (14 m/s). The height level of the maxima or the LLJ core are located at
about the same height and the wind speed decreases above the core, which satisfies

the detection criteria.

The diurnal variation of the mean vertical profile during LLJ events can be inferred

from the two reanalyses and REMO data. However, due to sparsity in the obser-
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vational dataset (Figure [3.4h), the diurnal variation is difficult to infer from twice-
a-day measurements. In the NCEP reanalysis (Figure [3.4b), no LLJ is detected at
18:00 UTC. At the LLJ core, the minimum is at 00:00 UTC in both NCEP and
EITR reanalysis and the maximum occurs earlier in EITR data (06:00 UTC) than
in NCEP data (12:00 UTC). However, the wind speed for NCEP at 06:00 UTC is
almost equal to the one at 12:00 UTC. In REMO, the preferred wind maximum at
850 hPa (about 1.5 km) is both at 06:00 and 12:00 UTC and the preferred wind

minimum in the same vertical level is at 18:00 UTC.

The spatial variations of the mean horizontal wind speed and their magnitudes at
850 hPa over South America during LLJ events detected in Santa Cruz are shown
in Figure [3.5] The mean flow begins from the northeast due to the trade winds.
As the flow passes the equator, and encounters the Andes, the winds are deflected
and turns southwards. Upon entering the northern tip of Bolivia, the winds have
intensified gaining its maximum value at about 16 m/s. As it exits down to the La
Plata Basin, the flow decelerates as other circulation features interfere such as the

strong westerlies in the south.

In the coarse horizontal resolution of NCEP (Figure [3.5a)), the spatial extent (red
area) of the LLJ is larger compared to EITR (Figure[3.5b) and REMO (Figure[3.5d).
In a high resolution, the LLJs tend to be more concentrated region and the intensity
is higher than the 15 m/s of NCEP, as shown in EITR and REMO. The number of
events detected using the BC has also increased with resolution from 7, 12, and 17
events in NCEP, EITR, and REMO, respectively.

During the short SALLJEX Period, the REMO simulation data represent the spatial
and vertical characteristics of LLJ. Evidently, a higher horizontal resolution detects
more frequent LLJs than a lower one and enhances the spatial variability and vertical
structure of LLJs. In the next section, the study of LLJs extends further through
twenty years and the driving reanalysis (EITR) is used to evaluate the long-term
simulation (REMO).
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Figure 3.5: Mean horizontal winds at 850 hPa over South America for situations when
LLJs have been detected using the Bonner criterion in Santa Cruz during the SALLJEX
period (January to February 2003). Elevations above 1.5 km are masked out. The number
of events detected is given in each subcaptions. Wind speed (m/s) is in shaded contour
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3.3.2 LLJ climatology

A climatology of LLJ in South America is constructed using a high resolution re-
analysis and dynamical downscaling results. The spatial variability, frequency, and
intensity of LLJs are presented using the sampling statistics for 1989 to 2008 listed
in Table 3.2

Table 3.2: Sampling statistics at 6-hourly for each season from 1989 to 2008.

Seasons in the Southern Hemisphere Samples Days

Summer (DJF) 7,220 1,820
Autumn (MAM) 7,360 1,855
Winter (JJA) 7,360 1,855
Spring (SON) 7.280 1,835

Based on BC, the LLJs are present throughout the year in the reanalysis (Figure
3.6). The region with the LLJ maximum is located east of the central Andes.
The LLJs occur about 21% (1,533) in wintertime (Figure [3.6a). During austral
summer (Figure , local LLJ maxima exist in the following locations: east of
the central Andes, and east of the northern Andes in Columbia and in Costa Rica.
The tropospheric circulation responsible for the summertime maxima in the central
Andes has been discussed in Chapter The maxima in the northern regions are
influenced by the northeast trades as well as the location of the ITCZ during summer
(Garreaud et al., 2009).

During the other seasons, the regions with LLJ maxima are located also east of the
central Andes. In addition, another local maximum can be found in Costa Rica
during austral autumn (Figure and just over the Atlantic ocean near to the
coasts connecting Uruguay and Brazil (Figure during austral spring (SON). As
discussed in the validation of the simulated upper and lower tropospheric circulations
(Chapter , the semi-permanent high pressure system over the Atlantic then
migrates from east to west. During winter, this system approaches the coasts of
Brazil and Uruguay bringing moisture from the Atlantic as well as strong winds

further inland.

The LLJs in the northern regions of South America have been observed by [Vernekar
et al| (2003). They are strongly influenced by the northeasterly trade winds over
Columbia, Venezuela and Guiana. These LLJs have their exit region in the northern
part of the Amazon Basin. The LLJs detected over the coasts of Brazil and Uruguay
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may be due to the South Atlantic Convergence Zone (Marengo et al., 2004) but their

frequency of occurrence is low (about 1%).
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Figure 3.6: The seasonal frequency of LLJ events detected at 6-hourly intervals in the
EITR reanalysis for the period 1989 to 2008.
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The spatial characteristics of the REMO simulation results (not shown) portrays
similar features as the EITR reanalysis in Figure The differences due to different
selection criteria indicated in Table 3.1} and due to selection of grid points closest to

station locations shown in Figure [3.2] are highlighted in the next subsections.

Sensitivity to different detection criteria

As discussed in Section [3.2] three criteria in detecting LLJs are used. The figures
for the LLJs detected using the BC and MB2 criteria for both EITR and REMO
are not shown since the spatial characteristics are similar to Figure 3.6, The MB2
criterion detects about 10% more than the other two, especially in winter (Figure
3.7). In this criterion, the threshold of v is low to include observed LLJ events
detected in Asuncion Station, Paraguay (da Silva et al., [2010). Due to this low

threshold, more LLJ events are detected.

Comparing reanalysis and simulation data, the intensity and the extent of the LLJ
maxima are almost the same in austral summer and winter. It is interesting to note
that during winter, regardless of the criterion used, the LLJ maximum is centered
between Bolivia, Paraguay and northern Argentina. The LLJs occur more frequently

in winter than in summer.

In order to quantify the difference among the LLJ criteria, the LLJ events are
compared at the nearest model grid point for the stations listed in Figure The
annual LLJ cycle near each station (Figure generally tends to peak during
austral winter. As observed previously, the primary reason for the winter maxima
is the anticyclonic circulation over the Atlantic, which allows a stronger poleward
flow. For most stations, except Cobija, which is located at the northern edge of
Bolivia, the reanalysis and the simulation have a high LLJ activity during winter.
In general, the numbers of simulated events across different stations and criteria

tend to be higher or equal to the reanalysis throughout the year.

The MBT1 criterion detects more low level jet episodes compared to BC and MB2
due to a low threshold of meridional wind speed (Table [3.1). Evaluating the low
level jet events in a grid point close to the radiosonde station in Santa Cruz, Bolivia,
REMO and EITR have similar counts of monthly LLJ events. The number of events
detected in the EITR and REMO data have peaks during the austral winter (e.g.
Figure , which is dissimilar in comparison to the previous study of Marengo
et al. (2004) wherein the BC criterion indicated a peak activity during the austral
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summer. This shift in the annual cycle could be attributed to the fact that
have used the NCEP reanalysis, which has a coarser resolution of about
300 km and a different time period (1950-2000). The sensitivity to the choice of
grid point locations is discussed further in the next subsection.

I d o m Tz Mo ie 21 2 s
(a) EITR, DJF (b) REMO, DJF

mS 18 21 24 2m mfo 18 21 24 27 30 33 36
(c) EITR, JJA (d) REMO, JJA

Figure 3.7: The percentage of LLJ events detected using the MB1 criterion in the
reanalysis (left panel) and simulation (right panel) during austral (a, b) summer (DJF)
and (c, d) winter (JJA) during the 1989 to 2008 period.
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Figure 3.8: Annual cycle of LLJ frequency using different LLJ criteria at grid points
nearest to each station shown in Figure Solid for BC, dashed for MB1, and dashed-
dotted for MB2. Black indicates the reanalysis while red stands for the simulation. Model
data were used at 00:00, 06:00, 12:00, and 18:00 UTC.

Based on Figure [3.8] regardless of which criterion is used for detection of LLJ, the

annual cycles are very similar with the tendency to detect more LLJs in the high
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Figure 3.8: cont.

resolution REMO simulation than the EITR reanalysis. The Santa Cruz, Robore,
Mariscal de Estigarribia, Asuncion, and Foz do Iguassu Stations (Figure cg)
have detected the highest frequency of LLJ occurrences. These five stations are

considered the core regions for LLJ activity in the succeeding sections.

Detection sensitivity at different locations

Previous studies using short-term observations have identified that the region with
the highest number of northerly LLJs is the Santa Cruz Station in Bolivia. In
Marengo et al. (2004), the annual cycle of the LLJ peaks with about 200 events
during austral summer and with less than 100 events during winter using the NCEP
reanalysis for a duration of 50 years. In Figure the pronounced peak occurs
during winter in both the EITR reanalysis and REMO simulation. The discrepancy
between the previous study and the current study becomes clear in Figure|3.9) which
shows the different grid points closest to the station location in the two reanalyses
(NCEP and EITR) and in the simulation (REMO). The distance between the NCEP
grid point and the Santa Cruz station is approximately 80 km while the grid point
locations in EITR and REMO are closer to the station by approximately less than
10 km.
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Grid point  Santa Cruz at different resolutions Longitude (°) Latitude (°)

(1) NCEP  2.5° resolution -62.50 -17.50
(2) EITR  0.7° resolution -63.18 17.75
(3) MAX  0.44° resolution and location -62.32 -20.13

with maximum LLJ events

Figure 3.9: Test locations for sensitivity of LLJ events to different grid point locations
close to the Santa Cruz Station (63.15 °W, 17.76 °S) indicated by a red dot.

The region with the maximum number of events is also identified in the reanal-
ysis and the simulation. Incidentally, the grid point with the maximum number
of events (POINT MAX) are the same in both EITR and REMO, with 12% and
15% LLJ events detected, respectively. The grid point is situated in the Gran
Chaco, a region in the southeastern corner of Bolivia bordering with Argentina and
Paraguay. The Gran Chaco region has a subtropical semi-arid climate, which indi-
cates a harsh environment such as “impenetrable flat land of thick brush, cactus and
grassy expanses with some forested areas” (http://www.explorebolivia.com/our-
country/map-of-bolivia). Other studies refer to the strong meridional winds in this
region as the Chaco Jet Events [Salio et al,| (2002).
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The annual cycles of the low level jet
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The winter maximum is still promi-
R nent albeit the values in the POINT
w00 \ 5, NCEP are significantly lower (less than
yd 200 events). The tendency in POINT

NCEP is to have a maximum during
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summer too, which agrees with the pre-
vious study of Marengo et al. (2004)).

Figure 3.10: The annual cycle of the fre- The number of LLJs detected at the

quency of LLJ events at the grid points close NCEP grid point is the lowest among
to the station Santa Cruz, black for reanaly-

sis and red for the model simulation. Circles all locations. REMO shows the high-
indicate Point NCEP, solid line Point EITR est counts of LLJs but only during aus-
and dashed lines Point MAX, as shown in {r4] winter. During spring, the number
Figure .9} of LLJ events in REMO are lower than

the EITR, which could be a result of the
model bias indicated in Chapter [2.3]

The percentage of LLJ occurrence is presented for the points close to the Santa Cruz
Station in Figure A day with LLJ is defined as a day with an LLJ between
06:00 and 00:00 UTC, corresponding to 04:00 to 20:00 local time. In general, at
the NCEP and EITR gridpoints, the percentage of days with an LLJ is higher in
the EITR reanalysis than in the REMO simulation for all seasons. However, at
the highest activity point (POINT MAX), REMO simulates more LLJ events than
EITR, especially during winter and summer, but REMO is slightly lower than EITR

during spring.

Based on Figure and [3.11] detecting LLJ events is sensitive to the grid point
selected. The differences may be attributed to different elevation of the three grid
points. The NCEP grid point has an elevation of 264 m, the EITR grid point 276
m and the grid point MAX has the highest elevation of about 386 m. Orographic
influences are obvious factors for the generation of strong winds, but a main factor is
the strength of the prevailing winds, which will be shown in the spatial characteristics
subsection. There the region with the highest LLJ count is identified, which is the
same for both the reanalysis and the model simulation (POINT MAX in Figure[3.9).
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Figure 3.11: Percentage of days with an LLJ for each season during 1989 to 2008 at
different test locations shown in Figure

Spatial characteristics

From Figure five stations (Santa Cruz, Robore, Mariscal Estigarribia, Asuncion,
and Foz do Iguassu) are identified to be the core LLJ region. The intensity, spatial
extent and frequency of LLJ events detected in 5 stations are depicted in Figure|[3.12
and [3.13] Figure depicts the LLJ region during winter, which extends further
southward to the coasts near the La Plata Basin than during summer. The mean
wind speed of LLJs during winter is higher than 18 m/s, which is faster than the
mean intensity (13-16 m/s) during summer (cf. Figure [2.10). The REMO simula-
tion results show lower mean wind speeds compared to the reanalysis data because
the frequency of events is higher (about 2-3% higher than the EITR reanalysis).
The differences in the percentage of LLJ days between EITR and REMO are shown
in Figure [3.13
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Figure 3.12: Mean wind (vector) and wind speed (contoured every 1 m/s) composite
at 850 hPa for LLJs detected at the 5 core stations indicated in subsection B.3.2l EITR
Reanalysis (left panel) and REMO simulation (right panel) for austral (a, b) summer
(DJF) and (c, d) winter (JJA). The percentages of LLJ events are also indicated at each
sub-caption. The period is 1989 to 2008.
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The warm bias during spring in REMO (cf. Chapter contributes to the lower
frequency of LLJ events compared to EITR in Figure(3.13] The spatial extent of the
LLJ maximum during each season characterizes the spatial and temporal variability
of LLJ. During summer, the region of LLJ maximum is concentrated within the
Gran Chaco region. During winter, the exit region of the LLJs extends further

south towards the coasts of southern Brazil and Uruguay.
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Figure 3.13: Percentage of days with LLJ detected at the five core stations (Santa Cruz,
Robore, Mariscal Estigarribia, Asuncion, and Foz do Iguassu) for each season during the
period of 1989 to 2008.

Diurnal variation at the Gran Chaco

The diurnal variation of the LLJs detected in POINT MAX or the Gran Chaco region
with the BC criterion in the EITR reanalysis and REMO simulation is discussed
in this subsection. The diurnal variation at each season is shown in Figure
The tendency of the EITR reanalysis is to have a preferred maximum at 00:00 and
06:00 UTC especially during the warm season. REMO has the same tendency with
additional events detected at 18:00 UTC. This behavior is persistent regardless of
the detection criterion used (figure not shown). Note that the analysis during the
SALLJEX period at stations near the LLJ core, the observed summertime LLJs
tend to have their peak intensity during the morning (12:00 UTC) and not in the
late afternoon (21:00 UTC). Also note that from the LLJ climatology derived by
NCEP (Marengo et al., 2004)), three stations along the main axis of the low-level
flow exhibited more cases earlier at 06:00 UTC followed by a peak intensity six hours
later (12:00 UTC).
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Figure 3.14: Diurnal variation for 00:00, 06:00, 12:00, and 18:00 UTC (20:00, 02:00,
08:00, and 14:00 local time, respectively) of seasonal LLJ events at the POINT MAX in
Figure 3.9 Black bars for the EITR reanalysis, and red bars for the REMO simulation.
The period is 1989 to 2008.

Based on Figure REMO tends to overestimate the frequency of LLJ occur-
rences at 18:00 UTC (14:00 local time) during all seasons. This tendency of a late
afternoon maximum (18:00 UTC) in REMO is investigated using the mean wind
speeds, temperature, specific humidity, and meridional winds (Figure .
These figures show the variables’ vertical profile of the mean and the LLJ composite

during austral summer season.

The vertical profile of the mean winds and temperature at the latitude of POINT
MAX during summer and the LLJ composite are shown in Figure [3.15] During the
mean summer, the mean intensity of winds at the LLJ region (near 56.5 °WV) is higher
by about 2 m/s in REMO compared to EITR. The temperature at 850 hPa is also
higher in REMO than in EITR. The magnitudes of both winds and temperature are
intensified during the LLJ composite, with REMO still having higher wind speeds
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and higher temperature than EITR.
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Figure 3.15: Vertical profile of mean wind and temperature at the latitude of maximum
LLJ (20.13 °S) during the austral summer of 1989 to 2008. Temperature (t) in shaded
contours, °C'. Wind speed (V) with contours in m/s. Orography, overlayed in gray
contour.

Figure [3.16| shows the meridional wind speed and specific humidity at the latitude
of POINT MAX during summer and the composite of LLJ events. During summer,
EITR has a higher mean meridional wind speed than REMO, but REMO has slightly
higher mean moisture content than EITR at the LLJ region (near 56.5 °W). In the
composite of LLJ events, the magnitudes of both meridional wind speed and specific
humidity are intensified with REMO having the higher values compared to EITR.

The high values of wind speed, temperature and moisture in REMO result in a high
number of LLJ events detected at 18:00 UTC. The implications of the large number
of LLJ events in the transport of moisture are discussed further in Chapter
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Figure 3.16: Vertical profile of mean meridional wind and specific humidity at the
latitude of maximum LLJ (20.13 °S) during the austral summer of 1989 to 2008. Specific
humidity (g4) in shaded contours, kg/kg. Meridional winds (v) in contours with intervals
of 2 m/s. Orography overlayed in gray contour.

3.4 Summary and conclusions

A significant climatic feature in South America is the low-level wind maximum de-
tected near the foothills east of the Andes mountains. The low level jets (LLJs)
transport moisture and heat from the Amazon Basin towards the La Plata Basin.
During austral summer, LLJs are often associated with the development of mesoscale
convective systems (MCSs) at the exit region of the LLJs. The formation of LLJs
is strongly influenced by the orographic characteristic of the region. This chap-
ter aimed to investigate the criteria for detecting LLJs, its spatial and temporal

characteristics, and dependence on horizontal resolution. Using station observa-
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tions, reanalyses, and REMO simulation, the spatial and temporal characteristics
of the poleward flow in the lower troposphere in South America are identified and

described. The results are summarized as follows:

e During the short SALLJEX campaign period, the spatial and temporal char-
acteristics of LLJs are described using station observations, NCEP and EITR
reanalyses, and REMO. The spatial characteristics of 850 hPa winds in NCEP,
EITR, and REMO delineate the LLJ region. Due mainly to high resolution,
the detected LLJs using the BC have a spatial extent concentrated east of the
central Andes and the meridional wind speed is higher in EITR and REMO
than in NCEP. Comparing the winds at the level of the wind maximum, the
preferred maximum in the observational datasets and REMO is around 12:00

UTC (8:00 am local time) while the preferred minimun varies.

e Using EITR and REMO, the climatology of the LLJs in South America are
analyzed during the period of 1989 to 2008. The LLJs are detected through-
out the year with a maximum number of occurrences during austral winter
(JJA). The LLJs are detected using three criteria varying on thresholds of
wind components and wind shear. Comparing the criteria at the grid points
of 8 station points, REMO shows a tendency of higher occurrences than EITR.
Five stations (Santa Cruz, Robore, Mariscal Estigarribia, Asuncion, and Foz
do Iguassu) represent the LLJ core region. The region with the highest num-
ber of LLJ occurrences in EITR and in REMO is located in the Gran Chaco
(62.3 °W, 20.1 °S), near the border between Bolivia and Paraguay.

e Detecting LLJ events is sensitive to the selection of grid point locations. Be-
cause of high resolution, the LLJs in REMO are more numerous than in EITR
at POINT MAX averaged over all seasons. However, REMO simulates less LLJ
events than EITR during spring, which may be partially due to the springtime

warm bias over the Amazon basin in REMO.

e The spatial and temporal variability of the days with LLJ events are charac-

terized by maximum occurrence and large spatial extent during austral winter

(JJA).

e For the diurnal variations of LLJ occurrences at POINT MAX, REMO sim-
ulates a higher number of LLJ events compared to EITR from summer to

winter. During spring, however, EITR shows a higher number of LLJ events
than REMO. REMO also has a tendency to have more LLJ events at 18:00
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UTC than EITR. During the LLJ events, the mean wind, temperature and
specific humidity are generally higher in REMO than in EITR at 18:00 UTC.

Based on the results discussed above, the high resolution regional model REMO
driven by a high resolution EITR reanalysis is able to simulate the spatial and
temporal characteristics of LLJs in South America. An updated LLJ climatology
for 20 years using EITR and REMO data shows the presence of the low level flow
throughout the year. In this new climatology, the areas frequented by the strong
low level flow are identified as the LLJ core region and the annual cycles at selected
station locations are described. The composite of LLJ events have higher wind
speeds (about 30-50%) than the seasonal mean wind speed at the 850 hPa level.

The LLJs are an important feature in South America especially during the warm
seasons, because they play a critical role in defining the precipitation regimes of
the region. The LLJ variability in location and intensity has a large impact on the
development of mesoscale convective systems, which are further discussed in the

remaining chapters.
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4 Mesoscale convective systems

over La Plata Basin

4.1 Introduction

Mesoscale convective systems (MCSs) are responsible for a large proportion of rain-
fall in the tropical and warm mid-latitude regions. The precipitation regions of these
systems cover at least 100 km in diameter and they last from hours to several days.
These systems often produce severe con-
vective weather events such as strong
winds, hail, tornadoes, lightning, and
flooding. A textbook definition by
ton et al| (2011) describes MCS as “a

deep convective system that is consider-

ably larger than an individual thunder-
storm and that is often marked by an
extensive middle to upper tropospheric

stratiform-anvil cloud of several hundred " stratiform Bt
precipitation precipitation
| 4—— ~100km ——*

kilometers in the horizontal dimension.”

The typical lifecycles of these cloud sys- Figure 4.1: Schematic diagram of a typi-
cal MCS structure in a mature stage adapted
from (2004)). Convective (stratiform)
precipitation covers approximately ~30%
tem can exist for several days. Figure (=70%) of the precipitation region. Black ar-
illustrates the typlca] structure of a rows indicate updraft and downdraft. Thick
mature MCS. blue arrows indicate precipitation processes

such as vapor deposition, melting, and evap-

tems are between six to twelve hours and

the stratiform-anvil structure of the sys-

The classical definition of mesoscale dis- ©oration.

turbances is a system between the syn-

optic scale and the microscale. The atmospheric motions in the synoptic scale are
quasi-geostrophic and hydrostatic while in the microscale, they are non-geostrophic,
non-hydrostatic and turbulent. After the original definition of|Orlanski| (1975), Thu-|

mis and Bornstein| (1996) have proposed new atmospheric scales based on a more

rigorous approach using several approximations of the governing equations, includ-

ing temporal, horizontal, and vertical spatial scales. Mesocale systems are generally
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considered as the overlapping scales ranging from a horizontal length of 2 km to 200
km with a duration of an hour to several days, which are large enough in horizontal
scale to be considered hydrostatic but not quasi-geostrophic conserving motions.
These mesoscale disturbances have been considered as an important link from the

large-scale to the small-scale atmospheric motions and vice versa.

Several classifications of MCSs have been identified. In |Lin (2007), an MCS can
be categorized from squall lines and rain bands, mesoscale convective complexes, to
tropical cyclones. Squall lines are narrow bands of convective clouds usually not
wider than approximately 5 km. They form in the warm sector of a midlatitude
cyclone, ahead of the cold front. The lifetime of a squall line lasts between a few
hours to 3-4 days. Squall lines are also common in South America due to the
presence of warm, humid air from the North Atlantic meeting cooler, drier air from
the southwest winds coming from Antarctica and the Andes. Wind shear is essential
for the formation of thunderstorms into a squall line. A supercell storm, another
type of MCSs, creates hail, damaging winds, and can generate tornadoes. This
storm is generally a single, violent storm cell of intense rotation and wind shear,

which lasts for about 2-4 hours.

The largest subclasses and relatively significant systems in this study are the mesoscale
convective complexes (MCCs). These systems comprise quasi-circular formations of
many thunderstorms. They exhibit large oval or nearly circular cloud shields with
an area of about 50,000 km? or larger and the systems persist for 6 hours or longer.
Because the system is rather large, the conditions permit formation of other storms

to develop, thus MCCs tend to self-propagate.

MCCs need warm moist air sources such as from the Gulf of Mexico for North
America or from the Atlantic and Amazon Rainforest for South America. The
MCCs developing over South America gain moisture by crossing a large moisture
source due to evapotranspiration, the Amazon Basin. The system also needs dry air
in the troposphere coming from a different direction such as winds from the Andes
to generate instability and wind shear. Aside from the Americas, regions with high
frequency of MCCs occurrences can be found in various parts of Africa, India, China,
Australia, and Europe (Zipser et al., [2006)).

MCSs are intensively analyzed for its positive and negative impacts to the climate of
the region. As previously mentioned, the systems are main contributors to rainfall
that provide water resources for agriculture, human consumption and energy pro-

duction (Cotton et al., [2011). MCSs provide the necessary sources of moisture due
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to the large spatial coverage from a few to hundred kilometers with duration from
a few hours to days. The negative aspect of these systems occurs in extreme cases.
Long-lasting and slow moving MCSs can bring severe weather events such as hail,
tornadoes, thunderstorms and heavy downpour leading to floods over large areas.
Inversely, the absence of these systems dries up the soil and causes severe drought

leading to scarcity of agriculture products.

Predicting the lifecycles of mesoscale convective systems started in North America
using satellite imagery in combination with surface and radar data. Several concep-
tual models were put forward in the late 20" century and further developed with
better instrumentation techniques. Maddox (1980) provided a conceptual model to
define a mesoscale convective complex (MCC) based on the analyses of enhanced
infrared satellite imageries (Table [4.1). The definition was later on modified by [Ve-
lasco and Fritsch! (1987) using different satellite images available for a two year study
to document the structure and dynamics of MCCs over the midlatitude regions of
South America and in the tropical region between North and South America. [Dur-
kee and Mote (2009) used this definition in studying the climatology of MCCs in

the subtropical regions of South America.

Table 4.1: MCC Definition originally developed by Maddox| (1980).

Physical characteristics

Size Interior ice cloud shield with temperature

< —52 °C must have an area > 50,000 km?
Initiation Size definition first satisfied
Duration Size definition must be met for a period > 6h

Maximum extent Contiguous cold-cloud shield (Infrared temperature
< —52 °(C') reaches maximum size

Shape Eccentricity (minor axis/major axis) > 0.7
at time of maximum extent
Termination Size definition is no longer satisfied

Numerous studies in analyzing the structure and life cycles of MCCs exist because of
drastic implications for the economy of the region. [Laing and Fritsch) (1997) identi-
fied regions including South America, which were favourable for MCC development
based on two years of enhanced infrared satellite imagery. |Zipser et al. (2006) indi-
cated that the La Plata Basin had one of the highest frequencies of thunderstorms
based on seven years of data from TRMM or the Tropical Rainfall Measuring Mis-

sion (Huffman et al., 2007). From the above-mentioned observational studies, the
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MCSs have largely contributed to the global hydrological cycle.

In South America, the subtropical regions particularly within the La Plata Basin,
have been identified as conducive for the development of MCSs (Laing and Fritsch,
1997; Durkee and Mote, [2009). The observed characteristics of MCSs over the La
Plata Basin included a high density of lightning flashes, convective systems with
extensive ice-scattering, and heavy precipitation events that persisted for several
hours to few days (Nesbitt et all 2000; Schumacher and Houze, [2003). In a 2-year
study of [Velasco and Fritsch (1987), an average of 29 events were documented in
the subtropical region of South America during the warm season of 1981-1983. In a
similar region, a longer study of 9 summers by Durkee and Mote| (2009)) characterized
the life cycles of the MCCs using satellite estimates from TRMM. They documented
330 events with an average of 37 MCCs per warm season. The largest MCCs that
they have recorded, reached a maximum cloud-shield size of 256,500 km? for a
duration of about 14 hours. During the SALLJEX campaign (Vera et al., [2006al),
MCSs cases were identified and simulated using regional climate models. They found

that the models tend to underestimate the heavy precipitation during an MCS event.

Studies on MCSs were complemented with studies on precipitation especially focus-
ing on extreme cases. Studies from South America such as |Menéndez et al.| (2009,
2010)) have analyzed months with anomalous conditions such as droughts or extreme
precipitation events using an ensemble of regional climate simulations using dynami-
cal models and a statistical method. Their results indicated that the ensemble mean
of the models produce better statistics than the individual members of the ensemble.
The study was later on continued in order to analyze the climate over Southeastern
South America including the La Plata Basin (Carril et al., |2012). In that study,
four regional climate models were integrated to reproduce the climate over the La
Plata Basin during the decade from 1991 to 2000. Precipitation, mean sea level
pressure, maximum and minimum temperature fields were evaluated using seasonal
means and indices for extremes based on percentile approach. They have concluded
that although the seasonal means were comparable with observations, the models
underestimated heavy precipitation events due to different convection schemes and
the averaging of daily precipitation values over a 50 x 50 km? grid box compared
to the point data of stations. For further reference, the abstract of the coauthored

paper is attached in Appendix [G]

Mesoscale convective systems are the main drivers for the summertime precipitation

over the La Plata Basin. The water resources in the basin are crucial to five sur-
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rounding countries (Berbery and Barros|, [2002)). One of its main tributaries is the
Parana River, which feeds the Itaipu Dam, the world’s largest hydroelectric power
plant. Determing both the spatial and temporal variability of MCSs is crucial in
characterizing the climate of the La Plata Basin. Over the basin, these systems
tend to occur frequently, which can saturate the soil and cause severe flooding. The
potential for flooding over the region depends on the precipitation regime and river
discharge conditions (Berbery and Barros, 2002). On the other hand, absence of
MCSs leads to scarcity of water and causes severe drought. Precipitation anomalies
over the La Plata Basin are also correlated to the large scale conditions such as the
El-Nifio Southern Oscillations or ENSO (Chen et al., [2010).

Due to the hydrological as well as economic impacts over the La Plata Basin, the
characteristics and predictability of MCSs have been investigated strongly. Stud-
ies using observations, satellite techniques and climate simulations have multiplied
through time due to the importance of having a better understanding of MCSs in
its horizontal and temporal scales. In this study, the aims are to identify the re-
gions frequented by heavy precipitation events associated with MCSs and quantify
their contributions with respect to the total summertime precipitation using obser-
vational datasets and high resolution simulation from REMO for a longer period
of time compared to previous short-term studies. The research objectives of this

chapter are to:

e ascertain the spatial and temporal variability of MCSs including the environ-

ment favourable for development;
e explore several test cases during the intensive SALLJEX period;

e cvaluate the observed and simulated characteristics of MCS for longer periods
using satellite estimates of outgoing longwave radiation, cloud cover and heavy

precipitation thresholds;

e measure the skill of regional climate models in simulating the distribution of

daily precipitation at certain regions through model intercomparison
e establish criteria for selecting precipitation associated with the MCSs
In preparation for the analysis of the link between LLJs (c.f. Chapter|3)) and MCSs,

the spatial and temporal variabilility of the characteristics of MCSs are analyzed

first in this chapter followed by the long-term analysis.
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4.2 Data and methods

The characteristics of MCSs during the austral summer are analyzed using the out-
going longwave radiation (OLR), cloud cover, and precipitation fields. Low values
of OLR indicate regions with deep convection and they correlate to the state of
cloudiness. The rainfall regions of MCSs have both the stratiform and convective
structures and are contiguous at least 100 km with a duration from hours to several
days. The impact of MCSs on the precipitation regimes are first analyzed over the
La Plata Basin using different rainfall thresholds. Then the rainfall events associ-
ated with MCSs are analyzed to identify regions frequently visited by MCSs during
the decade of 1999 to 2008, when observations are robust.

The National Oceanic and Atmospheric Administration (NOAA) OLR (Liebmann,
1996)) and the International Satellite Cloud Climatology or ISCCP (Rossow and
Schiffer, |1999) cloud cover dataset covers different time periods and sampling fre-
quencies (c.f. Table . The mean climatologies for the 20-year period are pri-
marily established for both datasets. Variations of the OLR during the decade from
1999 to 2008 are used as indicators for deep convection. The climatological OLR is
substantiated by the total cloud cover from ISCCP.

Precipitation datasets from the NOAA Climate Prediction Center for Unified Pre-
cipitation or CPCUNI (Chen et al., 2008), TRMM, and MERGE (Rozante et al.,
2010)), which are based on a merged dataset using the TRMM and observations, are
used to analyze the different rainfall regimes over South America. The three datasets

are also utilized to assess the spread among the simulations and observations.

For the evaluation of daily precipitation distribution, several methods are used. The
skill of the simulations is computed using the scoring method devised by Perkins
et al| (2007)). First, regions are defined based on hydrological basins and climate
types defined in Figure[2.5] Later in this chapter, the focus is shifted to the La Plata
Basin. Second, at each region, the daily precipitation values are aggregated over time
for calculating the normalized empirical probability distribution functions (PDFs).
As an example, the region with subtropical humid climate type (Cr) contains 805
grid boxes in REMO. Thus, the rainfall distribution during summer has a sample
size (N') of 850 x number of days with rain. Note that the threshold for rain days is
at least 1 mm/day to remove the discrepancies of drizzle between observations and
models (Kjellstrom et al., |2010). In addition, the contribution of precipitation with
low intensity is not significant (Dai} 2001). Last, the skill score SS is computed using
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the cumulative minimum probability between two distributions (with N samples).
The SS measures the common area between the reference distribution (REF') and
the distribution for comparison (M) e.g. REMO or TRMM. The formula for SS is

N
1

The score serves as a good quantitative measure of the similarity of two distributions
in predefined regions with similar characteristics. A score of 1 would mean that the
distributions are exactly the same. The skill score is sensitive to the bin width.
Similar to Kjellstrom et al.| (2010), the scores tend to decrease when the bin width
deviates from 1 mm/day, the standard value for climate impact-related studies.
Thus for this study, the bin width of 1 mm/day is selected.

In addition to the predefined regions, the MCS region is identified based on the
occurrences of the MCS centroids defined by Durkee and Mote (2009). The region
extends from 67.5—55 °W and from 40—20 °S. Note that this region contains the

estimated centers of the MCSs during nine warm seasons.

Furthermore, the analysis of daily precipitation includes a model intercomparison
within the framework of the CLARIS-LPB Project. As mentioned in Chapter [2]
REMO and six other regional climate simulations have been used to simulate the
climate over South America. This short model intercomparison provides a robust
description on how models simulate the daily precipitation. The list of regional
models used in the project including the setup and basic references of each model is

given as Appendix [C]

The method of isolating the rains due to MCSs is applied mostly to satellite data.
Past studies performed area averaging of precipitation at defined regions due to the
limit of predictability in models (Vera et al. [2006a)). In the current research, an
attempt has been made to calculate the rains due to the MCSs. The segregation
method involves two steps. The first step is to select the heavy rain days with deep
convection. The thresholds of OLR daily values that indicate deep convection is
determined. Several studies have shown that the model derived OLR is dependent
on the radiation scheme of the model. To avoid this model bias, the OLR thresholds
are calculated based on the daily anomalies from the seasonal mean. The threshold is
then based on days with negative anomalies at least one standard deviation apart.
Deep convection is assumed if the anomaly of OLR is lower than one standard

deviation. The second step is to select the days with heavy precipitation. Two
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different thresholds are investigated. The first threshold is based on
(1987), wherein heavy precipitation measures at least 25 mm/day. The

second threshold is based on climatological studies of daily precipitation studies in

South America such as by (Carril et al. (2012) and references therein. They have

considered the 75" percentile of the daily rainfall distribution as the threshold for

heavy precipitation.

The lifecycles of MCSs, particularly MCCs, generally start during the late afternoon,
reach maximum size at midnight, and dissipate during the morning. However, due to
the limited frequency of observations, the method currently selects rainfall associated
with systems that have similar characteristics as MCSs (quasi-MCSs). Also, note
that the 25 mm/day threshold is a strict criterion for a rainfall averaged over a

50x50 km region.

4.3 Results and discussions

4.3.1 Model evaluation during SALLJEX

During the four-month SALLJEX cam-
paign, more than a hundred MCSs have
been detected over the La Plata Basin.
The observed total rainfall amount is
greater than 900 mm based on the CP-
CUNI dataset (Figure [4.2). Note that
the climatological mean monthly rain- 2081 ——{ S | =
fall over the basin is about 100-250 :
mm/month (Solman et al., 2013). Dur-
ing this time period, the MCS region

10S1

30S4

and parts of Brazil have precipitation

greater than 500 mm. Less precipita- w05

. . . 70W 60W 50w
tion are expected in the lee side of the

Andes. Figure 4.2: Total precipitation from CP-

CUNI during the SALLJEX campaign. MCS
Table L2 shows the statistics of the resion indicated by the black box.
area-averaged observed and simulated
daily precipitation over the MCS region. The variation among the three obser-

vational datasets is low. Considering the spatial average, the 75" percentile (75p)



4.3 Results and discussions 63

threshold values are considerably smaller than the perceived heavy rainfall events
of 25 mm/day by [Velasco and Fritsch| (1987)).

Table 4.2: Daily precipitation statistics area averaged over the MCS region (67.5-55
°W and from 30-20 °S) during the SALLJEX Period. The total number of days within
the austral summer season of 2002-2003 is 120. Rainy days are days with values > 1
mm/day. The percentage of the accumulated rainfall during days > 75p is relative to the
total rainfall amount.

Dataset Rainy  Total rain Mean Max 75p Days > Total
days (%) mm mm/day mm/day mm/day T5p (%) 75p (%)
CPCUNI 71 527 4.5 20.2 7.3 35 66
TRMM 64 531 4.6 22.5 7.3 39 70
MERGE 68 529 4.5 21.6 6.5 37 70
REMO 79 627 5.3 25.8 8.1 31 60

From Table [£.2] daily precipitation statistics from REMO tend to be higher than
the three observational datasets except for the number of days and the total rainfall
amount that are equal or greater than the 75" percentile threshold. These low
values of REMO illustrate that REMO tends to simulate lighter rains than the 75"
percentile threshold more often during the SALLJEX Period.

Figure[4.3|displays the anomaly of daily precipitation from the austral summer mean
value of 2002-2003. The anomaly values are normalized to the mean and approx-
imately range from -1 to 4 mm/day. The rainfall evolution from observations and
satellite estimates are similar with a slight tendency for TRMM to estimate higher
values compared to CPCUNI and MERGE. Rozante and Cavalcanti| (2008)) observed
similar tendencies of TRMM overestimation, which they associated with the method
used to estimate precipitation. This figure also shows the OLR anomalies from the
seasonal mean. During this period, observed low OLR anomalies correspond to high
rainfall anomalies especially on two episodes with MCSs on January 16 to 19 and
22 to 24, 2003 (Vera et al. 2006a; Rozante and Cavalcanti, 2008). REMO OLR
and precipitation anomalies are comparable to the observational datasets with some
differences.
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Figure 4.3: Spatial average of the OLR anomalies (right axis) and daily precipitation
normalized anomalies (left axis) from the mean during the SALLJEX period from Novem-
ber 2002 to February 2003. The subregion extends from 67.5—55 °W and from 30—20 °S.
Two test cases for MCSs events: (1) January 16 to 19, and (2) January 22 to 24. Black,
gray, and blue (red) lines are based on observations or satellite estimates (simulation).

Several MCSs have been documented during the SALLJEX Period. According to
Zipser et al.| (2004), 42% of the 112 MCS cases occurred in the subregion between 45—
55 °W and 20-30 °S. As can be seen from Figure[4.3), REMO simulates well the latter
case but not the former case. The possible reasons could be the location of the MCS

during the event and the inherent limitations of the convective parameterization

scheme of the model. Also, the REMO model version used is run in the climate

mode, for which the model produces its own internal variability (Laprise et al.
2012).

In retrospect with Section [3.3.1] the results indicate that REMO is able to represent
the daily precipitation statistics over the La Plata Basin. Although the timing is not
exact for some cases and few of the wet anomaly values are lower than the observed,
the mean statistics of REMO are comparable with the observations over the MCS
region during the short-term SALLJEX Period. The MCSs spatial variability for a

longer period will be discussed in the next sections.
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4.3.2 MCS climatology

The heavy precipitation events associated with the characteristics of MCSs are de-
rived based on the daily OLR and daily precipitation values. The period considered
is the warm season from the 1999-2008 decade. The period of analysis is limited to
the ten overlapping years due to the coverage among the observational datasets, i.e.
TRMM has available precipitation data starting from 1997 only. The OLR values

are analyzed first followed by the analysis of daily precipitation values.

Outgoing longwave radiation

The MCSs, particularly the MCCs, are identified as large regions with cold cloud
tops and deep convection. Using estimates of outgoing longwave radiation (OLR),
the regions with high MCSs activity are identified. The monthy and daily means of
interpolated OLR data from NOAA (Liebmann| [1996) are used for this purpose.

Figure shows the daily mean negative OLR anomalies from the seasonal mean
during the austral summer of 1989 to 2008 period. The negative anomalies ranges
from 0 to -40 W/m? and the standard deviation ranges from 15 to 42 W/m?. Note
that the observed low values over the La Plata Basin and over the South Atlantic
Convergence Zone where large numbers of upper troposphere cold clouds (e.g. deep
convection anvils) are expected. The highest OLR anomalies are located over the
Pacific Ocean, which is close to the cold upwelling regions due to the Humboldt/Peru
current. Near the coast of Chile, the Atacama Desert can be identified as a region
with high OLR anomalies. The lack of water vapour and clouds in the desert allow
the effective infrared temperature to radiate back to space therefore OLR values are
high in these regions. The contours in the figure indicate the standard deviation of
the daily anomalies from the seasonal mean. High values of standard deviation are

observed over the La Plata Basin and the Amazon Basin.
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Figure 4.4: Austral summer mean (filled contour) and standard deviation (contour lines)

of the negative OLR daily anomalies from the seasonal mean over the period 1989 to 2008.
From (a) NOAA and (b) REMO. Units are in W/m?.

Also in Figure [£.4] the regions with negative OLR anomalies and high variance
e.g. blue regions and contour values can be identified. The anomalous regions
with one standard deviation away from the mean serve as a criterion in selecting
rains associated with MCSs. The spatial patterns of REMO-derived negative OLR
anomalies are similar to the NOAA OLR. The regions of deep convection over the La
Plata Basin, Amazon Basin and the South Atlantic Convergence Zone are indicated
with values ranging from -20 to -40 W/m?. Over the La Plata Basin, REMO signal
is weaker compared to NOAA OLR.
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Figure 4.5: Austral summer mean total cloud cover (filled contours, %) and standard
deviation (contour lines) of the cloud cover monthly anomalies from the seasonal mean
over the period 1989 to 2007. The standard deviation is normalized to the summer mean
values. Note that white shades indicate clear skies, blue for clouds.

Using the available monthly values of total cloud cover from ISCCP and REMO, the
cloudiness of the continent and surrounding areas can be determined in Figure
The regions with high values of cloud cover (> 80%) are over the Amazon Basin due
to deep convective clouds (Marengol, [1995) and the South Pole (Town et al. [2007).
In REMO, the spatial pattern looks similar but the values are underestimated, which
is about 10-20% lower compared to ISCCP. The derivation of cloud cover in REMO
as well as the caveats in its derivation are thorougly discussed in (2006).
The lifecycles of convective clouds in REMO are calculated in one timestep with

no memory of the previous timestep is included. The low values of cloud cover in
REMO correspond to higher values of OLR, e.g. in some parts of the Amazon and
La Plata basins.
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Daily precipitation

The uncertainty in simulating the daily precipitation distribution, mean and extreme
thresholds are characterized following |Carril et al.| (2012)). Within the CLARIS-LPB
Project (cf. Chapter , an ensemble of six regional models and one global model
with a stretched grid are compared on a common grid with 0.5°x0.5° resolution
based on the reference dataset (CPCUNI). For comparison, the TRMM data are also
upscaled from a high resolution of 0.25°x0.25° to the common grid. The different
model configurations are listed in Appendix [C]

Using the [Perkins et al.| (2007) method in evaluating the skill of the seven models
in representing the warm season precipitation distribution, the PDF's are derived at
different regions for the overlapping period of 1999 to 2008. One of the advantages
in using regions with similar climate characteristics is the coherent approach in
representing the precipitation regimes. Moreover, the regions of interest cater for

different needs of impact studies such as hydrological or ecological models.
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Figure 4.6: The normalized PDF and skill score for the subtropical humid (Cr) climate
type. Bin width is 1 mm/day. REMO is indicated in green line. Daily precipitation
values are truncated to highlight bin values less than or equal to 30 mm/day.
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As an example, Figure [4.6| shows the normalized PDF of the rainfall distribution
over the subtropical humid climate type, Cr. The PDF curves illustrate the disparity
of the different model distributions. Some models tend to simulate rainfall more
frequently in the 5-15 mm/day range. The figure also indicate the individual skill
score (SS) for this climate type. Scores are simple indications of how similar the
other distributions differ from the distribution of the reference dataset, in this case
the CPCUNI.

The skill of the models in simulating the austral summer daily precipitation is sum-
marized in Table[4.3l The simulated rainfall distribution from the seven models and
rainfall estimates derived from TRMM are compared with CPCUNI. The skill score
of TRMM is relatively high indicating that the daily precipitation distribution of
the two observational datasets are very similar. The ensemble (ENS) distribution is

calculated by aggregating all the rainfall values of the simulations.

Table 4.3: Daily precipitation skill score summary based on probability density functions
(PDFs) at 12 regions (climate types and subregions including hydrological subbasins c.f.
Figure . The period considered is austral summer of 1999 to 2008.
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In simulating the daily rainfall distribution at twelve different subregions, REMO has
a relatively high skill compared to CPCUNI. REMO represents well the distribution
of the daily precipitation particularly over the La Plata Basin (Paraguay, Uruguay,
Upper- and Lower Parana) and region with the Cr climate type. Some models have
a tendency to have relatively low skill in simulating the daily rainfall distribution. In
the case of the global stretched-grid model LMDZ, the simulated distribution tend to
have too frequent rainfall events between 5-15 mm/day (e.g. Figure in certain
subregions, e.g the tropical climate regions (Ar, Aw) including the South Amazon
and Upper Parana subregions. As in |Carril et al. (2012), although the ensemble
represents the general climate regime for precipitation (relatively high skill scores of

ENS), the performance of individual members must be closely examined.

After evaluating the skill of the models in simulating the daily precipitation dis-
tribution, the performance of simulating heavy precipitation events is investigated
using the box-and-whisker statistics. The threshold used for the heavy precipitation
events is the 75" percentile at different regions in the La Plata Basin (Figure .
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Figure 4.7: Box-and-whisker plots showing the spatial variability of seasonal heavy pre-
cipitation using the 75%-ile threshold within subregions based on climate type (a) and
hydrological basins (b—e) in the La Plata Basin for the period of 1999-2008. Each box
represents the distribution of the reference dataset (CPCUNI), TRMM, the 7-member
ensemble mean (ENS) and each member of the ensemble. The box plot shows the in-
terquartile distance (IQD, 25-75t" percentiles), the median (red line), and the mean (blue
stars). Values farther from the median more than 1.5 times the IQD (horizontal bars
outside boxes) are considered outliers (red crosses).
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The subregions included are four subbasins (Paraguay, Uruguay, Upper and Lower
Parana) and the Cr climate type, which include some grid boxes outside the La Plata
Basin (cf. Figure . The box plots show the quantitative comparison of distribu-
tions by exploring the range or spread, mean, median, and identifying the outliers.
The boxplots indicate the sensitivity of selecting the regions and area-averaging
statistics. For example, the distribution for Cr and Lower Parana subbregions are
skewed towards the high values, which indicates higher occurrences of extremes
(outliers). The other three regions have a centered distribution with less outliers.
Area-averaging these regions indicates a good representation of the precipitation

regime.

The 75" percentile threshold in most regions are lower than the 25 mm/day thresh-
old. Thus, in order to represent rainfall due to MCSs, the latter threshold is used

for further analysis.

MCS Rain

After evaluating the spatial and temporal variability of the OLR anomalies and the
daily precipitation distribution, the rainfall associated with MCSs is derived. Two

conditions are used to select precipitation events associated with the MCSs:

e Condition 1: Daily OLR negative anomalies that deviate more than one stan-

dard deviation from the seasonal mean

e Condition 2: Daily rainfall values of at least 25 mm/day

The succeeding figures are going to show only the MCS region defined in Figure 4.2

and some surrounding areas.

Figure shows the number of days relative to the length of austral summer days
that satisfy the first condition during the period of 1999 to 2008. For both the coarse
grid NOAA and the high resolution REMO, 30-60% of the ten summers show low
daily OLR values. High frequency of negative OLR anomaly occurrences is also
visible over the Gran Chaco Region at about 67 °W and 27 °S. This figure also
shows that the observed spatial characteristic of the occurrences are represented in

REMO with additional regions of maxima over the southeastern Bolivia.
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Figure 4.8: Number of days (%) with negative OLR anomalies one standard deviation
apart relative to the total number of austral summer days over the MCSs region during
the 1999-2008 period. The resolution of each dataset is indicated in the subcaptions.

The mean negative OLR anomalies are shown in Figure 4.9 with values ranging from

-16 to -2 W/m?. The anomaly signal over the La Plata Basin is well-defined in the
NOAA dataset while in REMO, the signal is spread towards the eastern and western
part of the MCS region, closer to the Andes mountains and over the SACZ. The
values in REMO are slightly higher compared to the NOAA dataset, however, the

spatial distribution of the model is similar to the satellite estimates. The location

of the OLR minimum is important in identifying the regions with MCSs structures

for the second condition.
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Figure 4.9: Average negative OLR anomalies beyond one standard deviation over the
MCS region during the austral summer of 1999-2008. The horizontal resolution of each
dataset is indicated in the subcaptions.

For Condition 2, the days with rainfall of at least 25 mm/day are counted in the
CPCUNI, TRMM, MERGE, and REMO datasets. Figurel4.10|shows the percentage
of days over the MCS region that satisfies this criterion during the austral summers
from 1999 to 2008. The heavy precipitation events have a tendency to occur over the
SACZ and the La Plata Basin. The frequency of heavy precipitation events ranges
from 3-30% during the ten summers. Over the La Plata Basin, the frequency of
occurrence increases as the resolution increases in the observational datasets (Figure
fc). In REMO, the occurrence of heavy rain events is less compared to TRMM
and MERGE, but the range is comparable to the CPCUNI with a similar resolution.
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Figure 4.10: Percentage of heavy precipitation events (rainfall > 25 mm/day) relative
to the total number of austral summer days in the MCS region during the period of
1999-2008. The resolution of each dataset is indicated in the subcaptions.



76 4. Mesoscale convective systems over La Plata Basin

Figure depicts the average heavy rainfall with values ranging from 25 to 65
mm/day. The mean heavy precipitation fields of REMO are relatively higher than
the observations especially close to the mountains. Large areas with mean rainfall
intensity above 45 mm/day exist. The observational datasets generally have a local
maximum over the La Plata Basin. For TRMM and MERGE, an additional local

maximum occurs over the Atlantic Ocean. Both local maxima are present in REMO.
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Figure 4.11: Mean heavy precipitation events (rain > 25 mm/day) during the austral
summer of 1999-2008. The resolution of each dataset is indicated in the subcaptions.

Figure[d.12]shows the contribution of rainfall associated with the quasi-MCSs through-
out the ten warm seasons. The rainfall percentage values are relative to the total
rainfall in each grid box. Based on the observations, MCSs-associated rains con-
tribute about 5-30% to the total summer precipitation. Corresponding to the si-
mulated local minimum of OLR anomalies (Figure [4.9), REMO also shows local
maximua of MCSs-associated precipitation with 25-30% contribution to the total

summer precipitation located close to the Andes mountains.
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Figure 4.12: Percentage of the accumulated rainfall from the heavy precipitation events
associated with MCS (rainfall > 25 mm/day) relative to the total accumulated rainfall
during austral summer days for the period of 1999-2008. The resolution of each dataset
is indicated in the subcaptions.
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Figure 4.12: cont.

Summary and conclusions

The MCSs are the main drivers for the summertime precipitation over the La Plata

Basin, which is important for the five surrounding countries. The spatial and tem-

poral

characteristics of MCSs are investigated because these systems contribute sig-

nificantly to the hydrological cycle of the region. Gridded precipitation and outgoing

longwave radiation (OLR) datasets derived from station observations and satellite

estimates are used to evaluate the derived daily precipitation estimates and OLR
values of the REMO simulations.

The results of the chapter are:

REMO is able to represent the daily precipitation statistics over the La Plata
Basin during the short SALLJEX period. Although the timing is inaccurate
for some cases and the amplitude for the wet anomaly is lower than observed,
the mean statistics of REMO is comparable with the observations over the

defined MCS region.
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e Negative anomalies of OLR are indicators for deep convection. The spatial
patterns of REMO-derived OLR anomalies are similar to the NOAA OLR
anomalies. The regions of deep convection are: La Plata Basin, Amazon

Basin, and the South Atlantic Convergence Zone.

e The uncertainty in simulating the daily precipitation distribution, the mean,
and extreme thresholds are analyzed using a seven member ensemble of re-
gional climate models. Results from this intercomparison study indicate that
REMO has a relatively high skill in simulating the distribution of warm season
daily precipitation for regions with similar climate and hydrology characteris-

tics.

e In order to select rainfall associated with MCSs, two criteria are established.
One, using the OLR standard deviation and two, using heavy precipitation
above or equal to 25 mm/day. With these criteria, regions of heavy precip-
itation are identified over the La Plata Basin. Based on the observations,
MCSs-associated rains contribute about 30% of the total rainfall during the
ten warm seasons. REMO generally simulates well the quantity and frequency

of occurrences of observed precipitation during the quasi-MCSs events.

e The La Plata Basin is highly susceptible for the impacts of heavy rains asso-
ciated with MCSs during the austral summer of 1999-2008.

The organization and structure of the MCSs are associated weak, midlevel troughs
and the occurrence of low level jets. LLJs provide low-level warm air advection
and moisture advection. Chapters 3 and 4 were the necessary precondition for the
analysis of the link between MCS and LLJ in the next chapter.
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Mesoscale convective systems over La Plata Basin




5 Connections between MCSs
and LLJs

5.1 Introduction

In the tropical and mid-latitude regions of South America, mesoscale convective
systems (MCSs) are one of the main contributors to rainfall during the warm season.
As shown in Chapter [4 precipitation associated with MCSs contributes up to 30%
of the total summertime precipitation over the La Plata Basin. This is important for
the water cycle of the basin, which has an area of about 3.2x10% km?. The water
resources in the basin are used for many human activities in Brazil, Argentina,

Paraguay, Bolivia, and Uruguay (Berbery and Barros, 2002).

Several factors influence the development of MCSs such as the flow generated by
a weak midlevel trough and the occurrence of low level jets (LLJs). These factors
have been discussed in Chapter |3|including the spatial and temporal characteristics
of LLJs east of the Andes mountain range. Furthermore, a study by Salio et al.
(2007) has assessed the contribution of LLJs to the development of MCSs, using a
compositing analysis for a 3-year austral summer (DJF) period. The compositing
method revealed a dominant northerly flux with a duration of at least one full day
before the organized convective systems is established. Based on their studies and
references therein, the environmental conditions for the initiation of MCSs and their

development to long-lived systems include the following:

e low-level convergence generated by a strong anomaly of northerly low-level jets
transporting warm moist air and the incursion of cold and dry winds from the

southeast;
e increasing areas of warm moist air transport via a low level jet;

e baroclinic zones with high low-level vertical wind shear and convective avail-

able potential energy; and

e upper-level divergence typically stronger and reinforced downstream flow as
opposed to the weaker upstream divergence superimposed over the low-level

convergemnce.
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Figure summarizes the conditions for the synergism between LLJs and MCSs

near the LLJ exit region as proposed by [Saulo et al.| (2007). The hypothesis in their

study states that the moist air of an LLJ leads to low level convergence because of
the cold and dry air from the southeasterlies. Convection initiated in that region
develops further and becomes organized. The upper level flow diverges as a result
of the developing MCS. They have formulated their hypothesis on the interaction
between the extratropical dynamics and convection in MCSs using comprehensive
data collected during the 4-month campaign period of SALLJEX. As observations
of upper air soundings were only intermittent during this campaign, also simulations

using a regional model have been performed to verify the hypothesis. Rozante and

\Cavalcanti (2008) have performed sensitivity experiments using a regional model to

identify the mechanisms of MCSs development. Their results have indicated that
the model was able to determine the atmospheric characteristics such as the strong
upper level flow, the LLJ, moisture transport and associated mechanisms 72 hours

before the heavy precipitation events occur.

Upper level divergence

Upper level flow \ Upper level flow
! t
(downstream) MCS \ (upstream)
upward
motion ‘J‘
\

i

|
Lower level
convefgence’’
southeasterlies ULt LLJ flow

Figure 5.1: Schematic diagram of a typical structure during an MCS development influ-
enced by an LLJ. The conceptual model is adapted from Saulo et al.| (2007).

As heavy precipitation events sometimes have devastating consequences, studies all

over the world are established to identify the precursors of these events using sta-

tistical methods such as the correlation analysis. [Saeed et al| (2012)) analyzed the

predominant circulation patterns using atmospheric parameters such as geopoten-
tial heights to assess extreme precipitation events over South Asia. They defined

extreme rainfall events as normalized rainfall anomalies that exceed more than one

standard deviation for 3 consecutive days. |Chen et al. (2005) defined heavy precip-

itation events as days with more than 50 mm/day of rainfall in the northern part
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of Taiwan. In that study, 40% of LLJs were associated with heavy rain events. In
South America, Rozante and Cavalcanti (2008) analyzed the relationship of MCSs
and LLJs during the SALLJEX period. With the aid of observations and a regional
model, they took the spatial average of precipitation over a region where the MCSs
usually occur and found correlation between the preceding regional and synoptic

conditions in the atmosphere.

Large-scale anomalies such as the El Nino Southern Oscillation (ENSO) strongly
influence the climate variability of South America. Numerous studies based on
observations and simulations such as from |Garreaud et al.| (2009); Barreiro and
Diaz (2011); Saulo et al.| (2000) among others, have investigated the modulation of
ENSO on the region’s climate, which in turn influences the activity of LLJs and
MCSs. |Vernekar et al.| (2003)) investigated the interannual variability of LLJs for
five years. During the warm phase of ENSO, they found that the LLJs are stronger
than during the ENSO cold phase. [Marengo et al.| (2004) also concluded similarly

in their studies on LLJs using a 50-year reanalysis.

The atmospheric flows at different vertical levels and the spatial distribution of
heavy precipitation occurrences have already been described in Chapter [3] and [4]
respectively. In this chapter, the relationship of MCSs and LLJs is assessed to
determine the vulnerability of the La Plata Basin to these systems during austral
summer. Using observations and simulations from the regional model REMO, the

physical processes leading to heavy precipitation events are investigated.

The aims of this chapter are to:

e analyze the moisture fluxes and instability indices during the mean austral

summer and during the LLJ events;
e quantify the relationship of LLJs and MCSs using correlation analysis; and

e evaluate the importance of high northerly wind speeds preceding the heavy

precipitation events during the austral summer of 1989-2008.

5.2 Data and methods

To analyze the relationship of MCSs and LLJs, the moisture fluxes at upper levels

are analyzed followed by the correlation analysis during the austral summer from
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1989 to 2008. The simulated (REMO) mean conditions for tropospheric circulations
and moisture fluxes are evaluated using reanalysis (EITR). For precipitation, the
CPCUNI dataset with 0.5x0.5° resolution is used. The details for each observational
dataset are listed in Table [D.1l

In addition to the mean summer conditions, the mean conditions during LLJ events
are analyzed. This composite technique estimates the contribution of LLJs to the
climate of the region. The detection of LLJ events is based on the first criterion of
Bonner (c.f. Chapter [3.2). The events considered are large LLJ events, which are
detected at the 5 stations within the LLJ core region. As illustrated in Figure [3.12
the composite of LLJ events are compared against the mean climate conditions
of winds at 850 hPa level. During the austral summer, strong LLJ events occur
in about 8% (12%) of the entire study period based on the 6-hourly reanalysis

(simulation).

5.2.1 Moisture fluxes

The advection of warm moist air is evaluated using moisture fluxes and equivalent
potential temperature during the austral summer. The 6-hourly moisture flux at
the 850 hPa level (MFgsq) is calculated by multiplying the specific humidty g4 and
wind speed:

MPFss0 ~ ¢4V (5.1)

with ¢g4 in g/kg and Vinm /s. In this formulation, the regions with intense moisture
transport are identified during the mean climate conditions as well as during the

composite of LLJ events.

As a measure of moisture advection, the equivalent potential temperature (6,.) is

derived using the following:

O, ~ Oexp (iﬁi) (5.2)

P

©. is a function of the water vapor mixing ratio (w) and potential temperature (©)
where © = T'(1000/p)%2%¢ [, is the latent heat of condensation or vaporization and
¢, is the specific heat of air at constant pressure. After [Stull (2000), Equation

can be approximated as:
Ly
O, ~ 0+ —w (5.3)

Cp
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An increase of 6-hourly ©, in comparison to the daily mean indicates either an
increase in moisture content or in temperature or of both. Relatively high ©, also
indicates instability. During LLJ events, high wind speeds from a moisture source

correspond to higher values of ©,.

5.2.2 Correlation method

As described in the previous section (Chapter , MCSs tend to develop after
anomalously high northerly wind speeds. To evaluate the delayed response of rain-
fall, the lead-lag correlations between the meridional wind speed and 24-hour pre-
cipitation anomalies are calculated. The meridional wind speed time series is shifted
relative to the daily precipitation. The link between the LLJs and MCSs is evalu-
ated using the Pearson correlation (Wilks, 2006). The two-tailed t-test is used to

test the significance of the correlation.

In this analysis, the accumulated daily precipitation is averaged over the MCS re-
gion, which is bounded by 67.5 to 55 °W and 30 to 20 °S as defined in Chapter [4]
The average precipitation is then correlated with the the daily mean winds at each

gridbox shifted by up to several days.

ENSO modulates the synoptic and climate variability of rainfall and LLJs over
South America. In a feedback to the shifts in sea surface temperature patterns
of the tropical Pacific Ocean, ENSO changes the precipitation and temperature
anomaly patterns on the continent (Hobbs et al., [1998). During the warm phase
or El Nino, the precipitation is higher than normal and the surface temperature is
above average over the La Plata Basin. During the cold phase or La Nina, there
is no clear, however, there is a general tendency of below average temperature over
the La Plata Basin. Due to this large-scale influence of ENSO, several periods are
considered for the lead-lag correlation analysis. Table lists the austral summer

seasons when ENSO influences the region.
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Table 5.1: List of the normal, El Nino, and La Nina years for the 1989 to 2008 period
based on the Oceanic Nifio Index (ONI). Source: Climate Prediction Center. *Note that
the 1st month of simulation (January 1989) is not included in the lead-lag correlation
analysis.

Seasons DJF Years

Normal 7 1989-90, 1990-91, 1992-93, 1993-94, 1996-97, 2001-02, 2003-04
El Nino 6 1991-92, 1994-95, 1997-98, 2002-03, 2004-05, 2006-07
La Nina 7 1989*, 1995-96, 1998-99, 1999-2000, 2000-01, 2003-04, 2005, 2007

5.3 Results and discussion

5.3.1 Moisture fluxes

The mean moisture flux conditions during the austral summer as well as the contri-
butions of LLJ events are investigated. The moisture fluxes (MF) and equivalent
potential temperature (6.) at 850 hPa represent the moisture advection. As shown
in Chapter [3.3] the wind speeds at 850 hPa intensify over Bolivia during LLJ events
compared to the mean summer conditions. These high wind speeds generally advect
the warm and moist air from the Amazon Basin further south towards the La Plata
Basin. The above conditions essentially favor the development of convection that

produces heavy precipitation events.

Figure [5.2] shows the low-level moisture advection during summer conditions and
during the LLJ events. For the mean austral summer in the reanalysis (EITR), the
highest values of moisture advection are present at the northeast coast of Brazil
(Figure [5.2a). The contours of ©, indicate regions of warm moist air and a local
maximum is located over the Amazon Basin. The O, values decrease further south.
For the composite of LLJ events (Figure , the low-level flow is enhanced in
the region between 70-50 °W and 10-30 °S. In this region, the higher wind speeds
transport moisture from Bolivia towards the La Plata Basin and the moisture flux

increases by about 50% in comparison to the mean conditions.
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Figure 5.2: Mean moisture flux (MF) and equivalent potential temperature (O.) at 850
hPa for the mean austral summer (a,b) and for the mean LLJ events (c,d) from 1989 to

2008 period. MF in coloured vectors (g/kg x m/s).

O, in isolines, interval of 5 K. The

reanalysis (EITR) on the left panels and the regional model (REMO) on the right panels.
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Comparing the reanalysis with the simulation, REMO also simulates the advection
of moisture in both period (Figure [5.2b] and [5.2d]), however the ©, values tend to

be higher over Bolivia and southern Brazil compared to EITR. The warm moist air

can be an indication of the overestimation of surface temperature over the Amazon
Basin (cf. Chapter [2)) and the tendency of REMO to simulate higher wind speeds
especially at 1800 UTC or 2PM local time (cf. Chapter compared to obser-
vations. The implication of the warm bias and overestimation of wind speeds are
investigated further by evaluating the vertical profile of meridional wind speed (v)

and equivalent potential temperature (©,).

= =56.5 -42.5 =28.6
285 290 295 300 305 310 315 320 325 330 335 340 345 350

-56.5 -42.5
285 290 295 300 305 310 315 320 325 330 335 340 345 350

(a) EITR, mean (b) REMO, mean

=56.5 —42.5
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(¢) EITR, LLJ composite (d) REMO, LLJ composite

Figure 5.3: Height-longitude cross-section of meridional winds (v) and equivalent po-
tential temperature (O.) along 17.76 °S for (a&b) the seasonal mean and (c&d) LLJ
composite. EITR reanalysis (left panels) and REMO simulation (right panels) during the
austral summer of 1989 to 2008. Gray area indicates the terrain. v indicated by contour
lines in m/s and O, indicated by shaded contours in K.
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Figure [5.3] shows the vertical cross-section of the seasonal mean v and ©, and the
corresponding composite during the LLJ events in the region of maximum LLJ oc-
currences (17.76 °S). The LLJ core is not depicted clearly in the seasonal mean
meridional wind speed (Figure and but is evident in the seasonal LLJ
composite (Figure and . The LLJ core is indicated by the region of maxi-
mum v at 850 hPa and is located near 56.5°W for both EITR reanalysis and REMO
simulation. Within the LLJ core, the simulated v and ©, are comparable to the re-
analysis. REMO slightly underestimate the wind speeds by 1 to 1.5 m/s during the
LLJ composite since the model detects more LLJ events than the reanalysis (c.f.
Chapter |3)).

5.3.2 Correlation analysis

The relationship between the daily precipitation anomalies averaged over the MCS
region and the mean daily meridional winds at each grid point are evaluated using the
correlation analysis. The correlation coefficients are calculated at least +/—3 days
leading/lagging to the heavy precipitation events in the La Plata Basin. Positive
(negative) correlation coefficient at each grid box implies that the increase of rainfall
anomalies over the MCS region corresponds to southerly (northerly) meridional
wind speed. In addition, the correlation of winds and heavy precipitation events
are analyzed for four time periods, namely the 4-month SALLJEX period, 20-year
austral summer, normal years, and ENSO years. Normal years are defined as years
without the influence of ENSO. The ENSO and normal years are listed in Table 5.1}
The correlation plots show only values that are significant at the 99% confidence
level (p = 0.01).

During the SALLJEX period, the LLJ occurrences and rainfall anomalies have been

described separately in Sections|3.3.1land [4.3.1] respectively. The reanalyses (NCEP,
EITR) and the simulations (REMO) detect the LLJs near the Santa Cruz station
in Bolivia (cf. Figure . Concurrently, the area-averaged precipitation over the
MCS region exhibits positive rainfall anomalies (cf. Figure [£.3). Here, Figure

shows the observed and simulated correlation of precipitation anomaly and 850-h Pa

meridional wind speed anomaly. The results show a correlation starting from two
days before the heavy precipitation events (Days 2 to 0) with the highest negative
correlation on Day 1. This strong correlation of northerly wind speeds a day before

the heavy precipitation events is similar to the results found by |[Zipser et al.| (2004).
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Figure 5.4: Lead-lag correlation coefficients between precipitation and meridional wind
speed at 850 hPa from (a) CPCUNI and EITR and (b) REMO during the austral summer
of 2002 to 2003. The spatial coverage of the area-averaged daily precipitation are indicated
in the red box. The numbers above each subfigure indicate the shift in days until the
precipitation anomaly. Values range from —0.7 to +0.7.

On Day 2, negative correlation coefficients are found over the LLJ region. The
magnitude of the anticorrelation (p = 0.01) is between 0.4 and 0.5. On the day
before (Day 1), the anticorrelation increases and the spatial coverage extends further
to the northwest and southwest. In addition, a region of positive correlation appears
in Central Argentina. On Day 0, the region of positive correlation intensifies and

shifts northwards to the MCS region while the region of negative correlation shifts
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further towards Bolivia. The positive and negative correlation coefficients between
the meridional wind speeds and daily precipitation during the three day interval

indicate a convergence of warm and cold air, which is one of the mechanisms for
LLJ and MCS indicated by [Saulo et al.| (2007).

Figure [5.4b| illustrates correlation plots for the simulated daily precipitation and
meridional winds from REMO during the SALLJEX period. The magnitude and
the spatial coverage of the positive and negative correlation values are strongly
similar to the observed ones (Figure [5.4al).

Based on this short-term analysis, now the correlation between the daily precipita-
tion and the meridional winds at 850 hPa are determined for the entire period. The
magnitude of the negative correlation is highest at Day 1 while the positive correla-
tion is highest at Day 0. From here onwards, the correlation of 850 hPa meridional

winds from two days before the precipitation anomalies are shown.

Figure |5.5[ shows the lead-lag correlation of rains and near surface meridional winds
during the austral summer for twenty years. The subfigures illustrate that the
regions of positive and negative correlation are quasi-stationary throughout the three
days. The results differ from the distinct progression of correlation values during
the short-term analysis of a single year (Figure .
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Figure 5.5: Same as Figure but during the austral summer for the 1989 to 2008
period.

The correlation during the twenty summer seasons indicates a semi-permanent re-

lationship between the meridional winds and precipitation. The highest negative

(positive) correlation values are up to -0.5 (0.7), which are slightly lower than dur-
ing the SALLJEX Period (Figure [5.4)).
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Figure 5.6: same as Figurebut during the austral summer for the normal years listed

in Table

During the non-ENSO or normal years (Figure, the correlation during the seven

seasons shows similar behavior with the correlation during the SALLJEX period .

The two previous days leading to the anomalous precipitation events show significant

correlation with the anomalous meridional wind speeds. On Day 2, the regions with

the anticorrelation meridional wind speeds are further south of Bolivia. On Day 1,

the region shifted towards the north and becomes more pronounced. Additionally, a

region of positive correlation becomes visible over central Argentina, which indicates

incursion of cold and dry southeasterlies. On the day of the event (Day 0), a strong
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positive and negative correlation of meridional winds illustrate the convergence of

two air masses, which leads to the daily precipitation anomalies in the MCS region.
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Figure 5.7: Same as Figure but during the austral summer with the warm phase of
ENSO listed in Table

During the warm phase of ENSO or El Nino years (Figure , the correlation dur-

ing the six seasons shows similar behavior with the correlation during the SALLJEX

period. The regions of correlation are smaller compared to Figure [5.6 The correla-

tion plots during the cold phase of ENSO or La Nina have similar characteristics as

during the El Nino years (figure not shown).
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5.4 Summary and conclusions

The connections between low level jets and mesoscale convective systems are an-
alyzed using moisture fluxes, equivalent potential temperature and correlation of
anomalous meridional winds and daily precipitation. In this chapter, the relation-
ship of MCSs and LLJs is assessed using the correlation analysis in order to deter-
mine the vulnerability of La Plata Basin to these systems during austral summer.
Using observations and simulations with the regional model REMO, the physical

processes leading to heavy precipitation events are investigated.

The chapter is summarized as follows:

e The moisture flux from the Amazon Basin towards the La Plata Basin is
enhanced during the LLJ events both in the EITR reanalysis and REMO

simulation data.

e During the SALLJEX period and during the normal years (without the in-
fluence of ENSO), the lead-lag correlation indicates that the occurrence of
anomalous meridional winds is negatively correlated with the anomalous rain-
fall events over La Plata Basin two days before. The correlation is -0.6 at 99%
significance level, which indicates the strong relationship between northerly
winds and heavy precipitation events. A day before the heavy precipitation
event, the correlation plots show negative values over Bolivia and a local max-
imum of positive values over central Argentina. These opposing values show
the convergence of the warm moist air from the north and the cold and dry air
from the southeast. The correlation intensifies during the co-occurence day of

heavy precipitation events and strong northerly flow.

e Considering the 20-year period, the correlation values are constant throughout
the 3 days indicating a stationary system. This result indicates the dependence
of the system on the large-scale influences of ENSO. During ENSO, the cor-

relation values are similar to the SALLJEX period and the normal years.
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6 Conclusions and Outlook

The relationship between mesoscale convective systems (MCSs) and low level jets
(LLJs) in South America has been investigated using observational datasets and the
high resolution simulation from the regional model REMO. Chapter [1| introduces
the motivation of studying the connections of LLJs and MCSs as well as the climate
of South America. Chaper 2] describes REMO, the state-of-the-art regional climate
modelling tool used in this study. A parameter in the land surface scheme of the
default model version of REMO has been modified in order to have a realistic rep-
resentation of the deep rooting depths in the Amazon rainforest. Chapters [3| and
comprehensively describe the spatial and temporal characteristics of the LLJs east
of the Andes and the MCSs over La Plata Basin, respectively. Finally, Chapter
investigates the correlation of the LLJs and MCSs during austral summer. The
results have been summarized at the end of each chapter and the major findings,

conclusions, and outlook are emphasized in the succeeding sections.

6.1 Major findings

Before the analysis of the LLJs and MCSs, the regional model REMO has been
adapted to have a better representation of the physical processes as well as the
climate of South America. In modifying the rooting depth via the permanent wilting
point parameter, the known springtime warm bias in the Amazon basin has been
reduced by about 3 K. In this modified version, REMO exhibits a relatively high
skill in simulating the climate of the region compared to observational datasets and

simulation results from other regional models.

The research questions posted in Section are briefly summarized in the following:

e What are the spatial and temporal characteristics of low level jets east of the
central Andes? How do they modulate the climate of South America?
The LLJs are an important feature in the South American climate especially

during the warm seasons. Based on the new LLJ climatology constructed from
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a high resolution 20-year reanalysis and simulation data, it has been found
that the strong low-level flow at 850 hPa occurs throughout the year with
peak LLJ occurrences in the Gran Chaco region (62.3 °W, 20.1 °S) near the
border of Bolivia and Paraguay. The Santa Cruz, Robore, Mariscal Estigar-
ribia, Asuncion and Foz do Iguassu station locations are near the axis of this
strong low-level flow. Due mainly to a higher resolution that better resolves
the orography, REMO data simulates more LLJs than EITR reanalysis data
and the simulated diurnal cycle tends to show more LLJ events at 18 UTC
than the reanalysis. Although the highest frequency of LLJs occurs during
austral winter, the LLJs modulate the climate more during austral summer as
they transport warm and moist air from the Amazon to the La Plata Basin.
The variability in the location and intensity of LLJs during summer have a

great impact on the development of MCSs.

What are the spatial and temporal characteristics of the mesoscale convective
systems over the La Plata Basin?

The La Plata Basin is highly susceptible for the impacts of heavy rains associ-
ated by MCSs during the austral summer of 1999-2008. Within the SALLJEX
Period, the spatially averaged precipitation of REMO coincides with the timing
of observed precipitation anomalies during the intensive SALLJEX period. Re-
sults from an intercomparison study indicate that REMO has a relatively high
skill in simulating the distribution of daily precipitation at regions with certain
climate characteristics. In order to select rainfall associated with MCSs, two
criteria are established using the OLR and heavy precipitation threshold of
rain intensity at least 25 mm/day. With these criteria, regions of heavy pre-
cipitation are identified over the La Plata Basin. Based on the observations,
MCSs-associated rains contribute about 30% of the total rainfall during the
10 warm seasons. REMO generally simulates the quantity and frequency of

the observed heavy precipitation events associated with MCSs events.

What are the connections of the mesoscale convective systems and low level
jets in South America?

The connections between LLJs and MCSs have been analyzed using mois-
ture fluxes, equivalent potential temperature and correlation of anomalous
meridional winds and daily precipitation. The moisture fluxes from the Ama-

zon Basin towards the La Plata Basin are enhanced during the LLJ events.
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The lead-lag correlation indicates that the occurrence of anomalous meridional
winds is negatively correlated with the anomalous rainfall events over La Plata
Basin two days before. The correlation values are about -0.5 at 99% signifi-
cant level, which indicate a weak but significant negative correlation between
the northerly wind speeds and anomalous precipitation events. A day before
the strong precipitation event, the correlation plots show negative values over
Bolivia and a local maximum of positive values over central Argentina. These
opposing values show the convergence of the warm moist air from the north
and the cold and dry air from the southeast. The correlation intensifies during
the cooccurrence of the two systems and dissipates the following days. The

correlation values are also dependent on the large-scale influences of ENSO.

6.2 Outlook

Large MCSs are resolved in REMO, however to be able to represent the lifecycles
of MCSs from individual deep convective clouds to organized systems, the use of a

nonhydrostatic version of the REMO model is highly recommended.

In the last IPCC AR4 Report, the global simulations have predicted an increase
likelihood of the extreme precipitation events over the La Plata basin. With the
high resolution REMO, the effects of climate change due to anthropogenic sources
on the relationship between MCSs and LLJs can be predicted using the available

climate change simulations.

As mentioned in Chapter 2] the sensitivity studies have been done to mitigate the
overestimation of surface temperature in the Amazon Basin during austral spring.
In order to simulate the complexity of the land-atmosphere interactions, particularly
the role of the Amazon rainforest and the swelling and falling of the rivers in the
Amazon Basin, further studies must be conducted. Additionally, a smooth function
of the permanent wilting point instead of the step-function (Equation could
be used to avoid sharp transitions at the edge of the forests. The results of these
studies could potentially reduce further the warm bias over the Amazon Basin as

well as a better representation of the hydrological cycle in the region.
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6.3 Concluding remarks

With the high resolution simulation, the understanding of the LLJs and MCSs re-
lationship are enhanced. A weak but significant anticorrelation between the merid-
ional wind speed and precipitation develops two days before the heavy precipitation
events. The day before the anomalous precipitation occur, high northerly wind
speeds develop east of the Andes in Bolivia. The significantly strong correlation
between the meridional wind speeds and precipitation the day before the occurrence
of heavy rainfall events can aid in monitoring severe weather events over La Plata

Basin.
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A List of Abbreviations and

Acronyms

CLARIS-LPB ...... A Europe South-America Network for Climate Change

..................... Assessment and Impact Studies in the La Plata Basin
CORDEX .......... COordinated Regional Downscaling EXperiment
CPCUNI ........... NOAA Climate Prediction Center for Unified Precipitation
CRU ............... University of East Anglia Climate Research Unit
ECHAM ........... Atmospheric General Circulation Model

..................... developed at the Max Planck Institute for Meteorology
ECMWEF ........... European Centre for Medium-Range Weather Forecasts
ERA40 ............. ECMWF ERA 40-year Reanalysis
EITR .............. ECMWEF ERA-Interim Reanalysis
ENSO .............. El Nino Southern Oscillations
IPCC ... Integovernmental Panel on Climate Change
ISCCP ............. International Satellite Cloud Climatology
ITCZ ...l Intertropical Convergence Zone
LL) ...l Low-level jet
MCS ... Mesoscale convective system
MERGE ........... Merged TRMM and raingauge datasets over South America
NASA .............. National Aeronautics and Space Administration
NOAA ............. National Oceanic and Atmospheric Administration
NCEP .............. The United States National Center for Environmental

..................... Prediction — National Center for Atmospheric
..................... Research reanalysis

OLR ............... Outgoing Longwave Radiation

ONI ................ Oceanic Nino Index (ONI)

PACS-SONET ..... Pan American Climate Studies-SOunding NETwork
RCM ... ..., Regional Climate Model

REMO ............. REgional MOdel

SACZ .............. South Atlantic Convergence Zone

SALLJEX .......... South America Low-level Jet Experiment

TRMM ............. Tropical Rainfall Measuring Mission
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B Remo Model Runs

REMO model simulations performed within this study are listed in the table. The

table also shows a brief description of the runs and the simulation period.

Name Description Period

REMOc¢7rrR> REMO control run, standard REMO2009 1989-2008
REMOqg 25 25% fpwp reduction over the whole domain 1989-1990
REMOg 19 10% fpuwp reduction over the whole domain 1989-1990
REMOg.10forest 10% fpuwp reduction over the forested region only 1989-2008
REMO A1B REMO driven by ECHAMS5 A1B Run 3 1950-2100
REMO RCP2.6 REMO driven by MPI-ESM RCP2.6 1950-2100
REMO RCP4.5 REMO driven by MPI-ESM RCP4.5 1950-2100
REMO RCP8.5 REMO driven by MPI-ESM RCP8.5 1950-2100
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C CLARIS-LPB Regional

Climate Simulations

Regional Climate Model Simulations (RCMs) within the framework of the EU FP7
CLARIS-LPB Project are listed in Table [C.1]



CLARIS-LPB Regional Climate Simulations

C.

Model version Institution Grid type, Vertical LBC*, Convection Land surface Spin-up Basic
(abbrev) & Country size coordinate, sponge zone scheme scheme period references
levels
RCA3.5 Swedish Meteorological Rotated Hybrid Davies (1976), Kain & Samuelsson et al. (2006) 11 mos. Samuelsson et al. (2010),
(SMHI- & Hydrological Institude lat/lon Fritsch (1990, 1993), Samuelsson et al. (2011)
RCA) 134x155 40 8 pts Kain (2004), Jones &
SWEDEN Sanchez (2002)
REMO2009 Max-Planck-Institute Rotated Hybrid Davies (1976), Tiedtke (1989), Diimenil & 20 yrs. Jacob et al. (2001)
(MPIM- for Meteorology lat/lon Nordeng (1994) Todini (1992) Jacob et al. (2012)
REMO) GERMANY 151x181 31 8 pts Rechid & Jacob (2006)
PROMES2.4 Universidad Castilla- Lambert Pressure-based Davies (1976), Kain & Krinner et al. (2005), 3 yrs. Sanchez et al. (2007)
(UCLM- La Mancha conformal sigma Fritsch (1993) De Rosnay & Dominguez et al. (2010)
PROMES) 145x163 37 10 pts Kain (2004) Polder (1998),
SPAIN Sitch et al. (2003)
RegCM3 Universidade de Sao Paulo Rotated Terrain- Davies (1976), Grell (1993) Dickinson et al. (1993) 12 mos. Pal et al. (2007)
(USP- Mercator following sigma da Rocha et al (2009)
RegCM3) BRAZIL 190x202 18 12 pts
MM5V3.7 Centro de Investigaciones del Mercator sigma Stauffer and Grell (1993) Chen & 2 mos. Grell et al. (1993
(CIMA- Mar y la Atmésfera Seaman, 1990) Dudhia (2001) Solman and Pessacg
MMS5) ARGENTINA 150x203 23 8 pts
LMDZ4 Institute Pierre - Irregular Hybrid Emanuel (1991, 1993) Krinner et al. (2005) 12 mos. Hourdin et al. (2006)
(IPSL- Simon Laplace rectangular o-p Li (1999)
lat/lon
LMDZ) FRANCE 184x180 19 32 pts
ETA-CC**V1.0 Instituto Nacional de Regular Eta Messinger (1977) Betts & Miller (1986) Ek et al (2003) 12 mos. Pesquero et al. (2009)
(INPE- Pesquisas Espaciais lat/lon Chou et al. (2011)
ETA) BRAZIL 123x245 38 1 pt

120

Table C.1: Summary of regional climate models used in the CLARIS-LPB. The model abbrevations in parentheses e.g. MPIM-
REMUO are generally used as short names for the models. *Lateral Boundary Conditions. ** Climate Change
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D Observational datasets

The observational datasets and parameters used throughout the study from various
sources are listed in Table [D.11

Table D.1: List of observations and reanalysis datasets used to evaluate the REMO sim-
ulation. The variables used are the wind components (u, v), temperature (), geopotential
height (gpm), pressure (p), precipitation (prec), total cloud cover (clt), and outgoing

longwave radiation (OLR).

Acronym Dataset Variables Resolution Available References
& coverage Period
EITR ECMWF ERA- w, v, T255 (0.7 ©) 1979-present
Interim Reanalysis gpm,t,p resolution,
37 model levels,
6-hourly
NCEP NCEP w, v 2.5 ° 1979-present
Reanalysis resolution,
17 model levels,
6-hourly
SALLJEX South American u, v station data, Nov 2002
Low Level Jet intermittent to Feb 2003
Experiment frequency
CRU* UEA CRU t, prec 0.5 °
Version TS3.0 resolution 1901-2006
Version TS3.1 global, land only, 1901-2008
monthly
NOAA NOAA OLR OLR 2.5 ° June 1974
resolution, to present
daily and
monthly
ISCCP NOAA/ clt 280 km July 1983
NESDIS/ resolution, to June 2008
NCDCC daily and
monthly
CPCUNI NOAA Climate prec 0.5°, 1979-present
Prediction Center land only,
Unified Precipitation daily
Analysis
TRMM Tropical Rain prec 0.25°, 1998-2008
Measuring Mission 50 °S to 50 °N
satellite
estimates, 3-hourly
MERGE Merged TRMM prec 0.22°, 1998-2008 [Rozante and Cavalcanti|
and rain gauge South America,
land only,
daily

*The sensitivity experiments use the available CRU Version TS3.0. For the long term simulations, the latest version was used. No

significant differences between the two datasets (CRU]|

2011)) exist.



122 D. Observational datasets




E Published Manuscript I

Silvina A. Solman!, E. Sanchez?, P. Samuelsson®, R. P. da Rocha?*, L. Li°, J.
Marengo®, N. L. Pessacg”, A.R. C. Remedio®, S. C. Chou’, H. Berbery'’, H. Le
Treut?, M. de Castro?, D. Jacob®!!, 2013. Evaluation of an ensemble of regional cli-
mate model simulations over South America driven by the ERA-Interim reanalysis:
model performance and uncertainties. Climate Dynamics. doi: 0.1007/s00382-013-
1667-2.

Author’s contributions: ARCR. performed the REMO simulations, prepared and
analyzed the data, and revised the paper in response to peer-reviewers’ comments.
All authors participated in the discussion of results, writing, and revision process of

the manuscript.

!Centro de Investigaciones del Mar y la Atmosfera, CIMA/CONICET-UBA, DCAO/FCEN-
UBA,UMI IFAECI/CNRS, Ciudad Universitaria Pabellon IT Piso 2, C1428EGA Buenos Aires,
Argentina

2Facultad Ciencias Ambientales y Bioquimica, Universidad de Castilla-La Mancha, Toledo,
Spain

3Rossby Centre, SMHI, 601 76 Norrkoping, Sweden

4Departamento de Ciencias, Atmosfericas, Instituto de Astronomia, Geofi sica e Ciencia At-
mosfericas, Universidade de Sao Paulo, Sao Paulo, Brazil

SLaboratoire de Meteorologie, Dynamique, IPSL, CNRS/UPMC, Paris, France

6Centro de Ciencia do Sistema Terrestre-Instituto Nacional de Pesquisas Espaciais (CCST
INPE), Rodovia Dutra km, 40, 12630-000 Cachoeira Paulista, Sao Paulo, Brazil

"Centro Nacional Patagonico (CENPAT/CONICET), U9120ACF Puerto Madryn, Chubut, Ar-
gentina

8Max Planck Institute for Meteorology, 20146 Hamburg, Germany

9Centro de Previsao de Tempo e Estudos Climaticos-Instituto Nacional de Pesquisas Espaciais
(CPTEC INPE), Rodovia Dutra km, 40, Cachoeira Paulista, Sao Paulo 12630-000, Brazil

Earth System Science Interdisciplinary Center (ESSIC), University of Maryland, 5825 Univer-
sity Research Court, Suite 4001, College Park, MD 20740-3823, USA

HClimate Service Center, 20095 Hamburg, Germany



124 E. Published Manuscript I

Abstract

The capability of a set of 7 coordinated regional climate model simulations per-
formed in the framework of the CLARIS-LPB Project in reproducing the mean
climate conditions over the South American continent has been evaluated. The
model simulations were forced by the ERA-Interim reanalysis dataset for the pe-
riod 1990-2008 on a grid resolution of 50 km, following the CORDEX protocol.
The analysis was focused on evaluating the reliability of simulating mean precip-
itation and surface air temperature, which are the variables most commonly used
for impact studies. Both the common features and the differences among individual
models have been evaluated and compared against several observational datasets.
In this study the ensemble bias and the degree of agreement among individual mod-
els have been quantified. The evaluation was focused on the seasonal means, the
area-averaged annual cycles and the frequency distributions of monthly means over
target subregions. Results show that the Regional Climate Model ensemble repro-
duces adequately well these features, with biases mostly within £ 2 °C' and + 20 %
for temperature and precipitation, respectively. However, the multi-model ensemble
depicts larger biases and larger uncertainty (as defined by the standard deviation of
the models) over tropical regions compared with subtropical regions. Though some
systematic biases were detected particularly over the La Plata Basin region, such as
underestimation of rainfall during winter months and overestimation of temperature
during summer months, every model shares a similar behavior and, consequently,
the uncertainty in simulating current climate conditions is low. Every model is able
to capture the variety in the shape of the frequency distribution for both temper-
ature and precipitation along the South American continent. Differences among
individual models and observations revealed the nature of individual model biases,
showing either a shift in the distribution or an overestimation or underestimation of

the range of variability.
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Abstract

The transferability of the regional climate model REMO with a standard setup over
different regions of the world has been evaluated. The study is based on the idea
that the modeling parameters and parameterizations in a regional climate model
should be robust to adequately simulate the major climatic characteristic of dif-
ferent regions around the globe. If a model is not able to do that, there might
be a chance of an “overtuning” to the “home-region”, which means that the model
physics are tuned in a way that it might cover some more fundamental errors, e.g., in
the dynamics. All simulations carried out in this study contribute to the joint effort
by the international regional downscaling community called COordinated Regional
climate Downscaling EXperiment (CORDEX). REMO has been integrated over six
CORDEX domains forced with the so-called perfect boundary conditions obtained
from the global reanalysis dataset ERA-Interim for the period 1989 to 2008. These
six domains include Africa, Europe, North America, South America, West Asia and
the Mediterranean region. Each of the six simulations was conducted with the iden-
tical model setup which allows investigating the transferability of a single model to
regions with substantially different climate characteristics. For the consistent eval-
uation over the different domains, a new evaluation framework is presented by com-
bining the Koppen-Trewartha climate classification with temperature-precipitation
relationship plots and a probability density function (PDF) skill score method. The
evaluation of the spatial and temporal characteristics of simulated precipitation and
temperature, in comparison to observational datasets, shows that REMO is able to
simulate the mean annual climatic features over all the domains quite reasonably,
but still some biases remain. The regions over the Amazon and near the coast of
major upwelling regions have a significant warm bias. Wet and dry biases appear
over the mountainous regions and East Africa, respectively. The temperature over
South America and precipitation over the tundra and highland climate of West Asia
are misrepresented. The probable causes leading to these biases are discussed and
ideas for improvements are suggested. The annual cycle of precipitation and temper-
ature of major catchments in each domain are also well represented by REMO. The
model has performed well in simulating the inter- and intra- seasonal characteristics
of different climate types in different regions. Moreover, the model has a high ability
in representing the general characteristics of different climate types as measured by
the probability density function (PDF) skill score method. Although REMO seems
to perform best over its home domain in Europe (domain of development and test-

ing), the model has simulated quite well the climate characteristics of other regions
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with the same set of parameterization options. Therefore, these results lead us to
the conclusion that REMO is well suited for long-term climate change simulations

to examine projected future changes in all these regions.
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Abstract

The ability of four regional climate models to reproduce the present-day South
American climate is examined with emphasis on La Plata Basin. Models were inte-
grated for the period 1991-2000 with initial and lateral boundary conditions from
ERA-40 Reanalysis. The ensemble sea level pressure, maximum and minimum tem-
peratures and precipitation are evaluated in terms of seasonal means and extreme
indices based on a percentile approach. Dispersion among the individual models
and uncertainties when comparing the ensemble mean with different climatologies
are also discussed. The ensemble mean is warmer than the observations in South
Eastern South America (SESA), especially for minimum winter temperatures with
errors increasing in magnitude towards the tails of the distributions. The ensemble
mean reproduces the broad spatial pattern of precipitation, but overestimates the
convective precipitation in the tropics and the orographic precipitation along the
Andes and over the Brazilian Highlands, and underestimates the precipitation near
the monsoon core region. The models overestimate the number of wet days and
underestimate the daily intensity of rainfall for both seasons suggesting a premature
triggering of convection. The skill of models to simulate the intensity of convective
precipitation in summer in SESA and the variability associated with heavy precipi-
tation events (the upper quartile daily precipitation) is far from satisfactory. Owing
to the sparseness of the observing network, ensemble and observations uncertainties

in seasonal means are comparable for some regions and seasons.
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